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THE  LIGHT  OF  THE  NIGHT  SKY:  EXTENDING  THE  SPECTRAL 
INTERVAL  FOR  MILITARY  NIGHT  VISION  DEVICES 

BACKGROUND 

Night  vision  technology  falls  into  two  rather  broad  classes:  (1)  visible  and  very 
short  infrared  and  (2)  middle  and  far  infrared.  The  first  is  accessible  using  photoemissive 
technology;  the  second  is  accessible  usually  with  cryogenic  means. 

With  photoemissive  technology  the  limits  have  always  been  the  spectral  response 
of  uncooled  photoemissive  materials,  the  best  of  which  recently  has  been  gallium 
arsenide,  which  can  be  useful  at  wavelengths  out  to  about  0.9  |J,m. 

There  are,  however,  four  sources  of  radiation  from  the  night  sky  that  extend  much 
farther  into  longer  wavelengths:  moonlight,  that  from  the  Meinel  Bands,  scattered  and 
direct  radiation  from  stars,  and  galactic  radiation  from  space. 

Moonlight,  the  most  important  of  the  four  sources,  is  solar  radiation  reflected 
from  the  lunar  surface.  This,  of  course,  is  very  dependent  upon  the  relative  positions  of 
Earth,  the  Sun,  and  the  Moon.  The  next  most  important  source  in  the  visible  and  near- 
infrared  is  that  from  the  Meinel  Bands  due  to  recombinations  of  the  hydrogen  and 
hydroxyl  ions  dissociated  by  sunlight  during  the  daylight  hours.  The  third  most  important 
source  is  the  scattered  and  direct  radiation  from  stars.  The  least  important  source  is  the 
galactic  radiation  from  space. 

Within  the  Army,  there  currently  is  a  significant  interest  in  utilizing  the  radiation 
in  the  Meinel  bands  between  1  and  2  |im,  a  region  beyond  the  easily  used  technology  for 
night  vision  goggles  and  other  devices  based  upon  image-intensifier  technology.  This 
radiation,  the  major  source  of  what  is  often  called  airglow,  was  of  major  academic 
interest  to  astrophysicists  in  the  1960s  and  1970s.  I  personally  had  studied  the  feasibility 
of  using  the  longer  wavelength  portions  of  airglow,  and  had  reported  my  findings  in  an 
IDA  publication  which  seems  to  have  been  lost — a  thorough  search  had  failed  to  find  any 
record  of  that  work.  An  IDA  colleague  recalls  the  work  and  the  subsequent  discussions 
with  the  Night  Vision  Laboratory  perhaps  a  decade  or  so  ago,  but  the  hard  details  and 
references  are  all  lost. 
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That  work  of  mine  concerned  only  the  irradiance  from  hydroxyl  recombinations, 
but  did  not  consider  galactic  or  starlight  contributions. 

In  a  recent  lecture  series  given  at  the  Night  Vision  Laboratory,  this  whole  topic 
was  raised  again  as  a  proposed  study  and  development  project  by  that  research  staff. 

Thus,  in  the  early  fall  of  1999, 1  proposed  to  conduct  a  thorough  literature  search, 
using  the  assistance  of  the  IDA  research  librarians  and  the  forward-search  capabilities  of 
the  Science  citation  index,  in  order  to  establish  a  credible  basis  for  pursuing  or 
abandoning  such  an  effort  to  employ  the  light  of  the  night  sky  out  to  a  wavelength 
approaching  2  pm. 

The  Science  and  Technology  division  then  established  a  small  program  to  support 
such  a  review  under  the  sponsorship  of  the  STD  central  research  program.  This  note  is 
the  result  of  that  review. 

IMAGE-INTENSIFIER  HISTORY 

In  1936  Barthelemy  and  Lethine  obtained  French  Patent  #802244  for  a  light 
amplifier.  Unfortunately,  the  state  of  photocathode  and  phosphor  technology  was  such 
that  the  overall  gain  of  their  device  was  less  than  1 ,  although  the  concept  was  sound.  The 
state  of  cathodes  improved  to  a  point  that  image  intensifiers,  with  the  early  cathodes  and 
with  the  aid  of  near-infrared  illuminators,  could  provide  a  useful  if  limited  means  for 
extending  the  range  of  such  devices  for  seeing  at  night.  In  time  the  state  of  photocathode 
performance  improved  dramatically,  to  a  point  that  passive  image  intensifiers  for  night 
vision  operating  solely  with  the  irradiance  available  naturally  at  night  (i.e.,  without 
artificial  illuminators)  became  a  very  real  and  useful  tool  and  were  provided  to  the  troops 
in  the  war  in  South  Vietnam. 

Usually,  the  source  of  illumination  was  primarily  that  of  moonlight  coupled  with 
the  emissions  from  the  night  sky.  These  emission  were  at  first  believed  by  the  developers 
of  such  equipment  to  be  from  starlight,  and  some  such  devices  were  called  “starlight- 
scopes.”  In  actuality,  the  sources  of  night  sky  emissions  were  many:  extragalactic 
background  light,  diffuse  galactic  light,  zodiacal  light,  integrated  starlight,  and  airglow. 

More  recently,  some  of  the  developers  of  intensifiers  became  aware  of  the 
increasing  amount  of  light  from  airglow  at  wavelengths  considerably  beyond  the  limits  of 
red  sensitivity  of  the  current  generation  of  photocathodes,  and  they  have  proposed  again 
to  utilize  these  emissions  for  enhanced  image-intensifier  performance,  especially  on 
moonless  nights. 
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It  is  the  purpose  of  this  note  to  provide  some  insight  into  the  data  available  with 
which  to  examine  the  feasibility  of  such  developments.  To  make  a  design  decision  one 
must  consider  four  quite  distinct  topics: 

•  the  source  of  natural  night  sky  emissions, 

•  the  atmospheric  transmission  from  the  source  of  those  emissions  from  very 
high  altitudes  or  space, 

•  the  contrast  due  to  the  differential  reflection  of  target  and  its  background,  and 

•  the  available  detectors  for  such  radiation  and  their  probable  need  for 
cryogentic  cooling. 

This  note  will  consider  only  the  first  of  the  above  four  topics,  leaving  the 
designers  to  investigate  the  second  item  through  application  of  such  computer  programs 
for  atmospheric  transmission  as  PCModWIN  and  PCLnWIN. 

In  most  cases  (based  upon  size,  weight,  and  cost,  including  that  of  possibly 
needed  cryogenics),  the  choice  of  detectors  will  determine  how  much  spectral  bandwidth 
is  feasible. 

THE  DATA 

The  astronomical  observation  of  the  heavens  is  complicated  by  the  multiplicity  of 
light  sources,  both  diffuse  and  point  source.  For  this  reason,  as  well  as  their  interest  in  the 
physics  of  the  source  of  radiation,  astronomers  have  devoted  considerable  effort  in  the 
pursuit  of  such  data  and  its  understanding. 

One  early  significant  review  of  such  topics  is  the  text  by  Mitra^  written  in  1952  at 
the  Institute  of  Radio  Physics  and  Electronics  at  the  University  College  of  Science, 
Calcutta. 

Two  figures  from  the  Mitra  book — the  first  originally  by  Elvey,  the  second  by 
Roach  and  Pettit — are  shown  below.  These  show  the  variations  in  the  light  of  the  night 
sky  during  a  single  night  (Fig.  1)  or  from  night  to  night  (Fig.  2). 

A  somewhat  later  general  review  is  that  written  by  F.  E.  Roach  at  the  Hawaii 
Institute  of  Geophysics,  University  of  Hawaii.^ 


1  Mitra,  S.  K.,  The  Upper  Atmosphere,  Calcutta,  1952. 

2  Roach,  F.  E.,  “The  Light  of  the  Night  Sky:  Astronomical,  Interplanetary,  and  Geophysical,”  Space 
Science  Review,  3,  April  1964,  pp.  512-540. 
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Flo.  23(a).  Illustrating  the  type  of  variati<»  in  'which  the  intensity  of  the  ni^t  ai^ 
gbw  deoreases  as  ai|^t  ptt^ss,  attains  a  minimuin  near  about  the  local  midnight 
and  then  rises.again.  The  variations  are  interpreted  to  be  due  to  the  red  OH-bands. 

(After  Elvey.) 

Figure  1.  Variations  in  the  Light  of  the  Night  Sky  (single  night) 

Interesting  as  this  data  might  be,  its  collection  was  limited  by  the  only  good 
photocells  available  then — the  S-10  photocathode.  These  had  very,  very  limited  red 
sensitivity,  and  data  obtained  with  them  were  labeled  “S-10”  or  “Vis”  data. 

Some  pioneering  work  in  determining  the  longer  wavelength  emissions  was 
greatly  accelerated  by  the  work  of  H.  P.  Gush  and  Valance  Jones  in  their  paper  “Infrared 
Spectrum  of  the  Night  Sky  from  1.0  to  2.0  Microns.”^  Figures  3  and  4  indicate  two 
important  sets  of  data  from  that  paper. 


3  Gush,  H.P.,  and  Valance  Jones,  “Infrared  Spectrum  of  the  Night  Sky  from  1.0  to  2.0  Microns,”  Journal 
of  Astronomical  and  Terrestrial  Physics,  7,  1955,  pp.  285-291.  See  also  Noxon,  J.  F.,  A.W.  Harrison, 
and  A.  Vallance  Jones,  “The  Infra-red  Spectrum  of  the  Night  Sky  Airglow  from  1.4  p,  to  4.0  p.  Journal 
of  Atmospheric  and  Terrestrial  Physics,  14,  1959,  pp.  245-251. 
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laoo  2000  2^  OOOO:  ■,  0200  O44^  ..060e  '^- 

.  /  .  PACim  OttONOAKDTtHti  h  -.  .'  W  ' 

Fro.  24.  Illustrating  the  typo  of  variation  in  which  the  intwisity  of  the  night  air-glo'^ 
increases  with  the  progress  of  the  hi|^t  and  then  &118  after  attaining  a  maximum. 
The  curves  are  for  the  green  oxygen  line.  (After  Boach  and  Pettit:)  ‘  ' 

Figure  2.  Variations  in  the  Light  of  the  Night  Sky  (from  night  to  night) 


Figure  3.  From  Gush  and  Jones,  Figure  2,  p.  287 
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WAVELENGTH -MICRONS 

Figure  4.  From  Gush  and  Jones,  Figure  4,  p.  288 

It  must  be  noted  here  that  data  from  Gush  and  Jones  (Figs.  3  and  4),  and  that  of 
Hohn  and  Maffeo  (Figs.  5-7)  are  averaged  over  a  number  of  observations,  since  the 
variations  between  observations  is  very  significant.  For  that  reason,  in  reviewing  the  data, 
I  have  little  reason  to  believe  the  data  was  obtained  in  any  single  observation. 

Unfortunately,  even  at  that  time,  the  details  of  the  atmospheric  extinction 
coefficient  and  the  programs  for  computing  such  effects  upon  the  emission  sensed  on 
Earth  or  measured  from  rockets  and  balloons  and  then  extrapolated  to  the  irradiance  at 
Earth’s  surface  were  less  than  reliable.  It  was  not  until  the  1990s  that  a  great  deal  of 
confidence  could  be  given  to  such  computations.  Currently,  two  major  programs  are 
available  for  such  work:  PCModWIN  and  the  PCLnWIN  programs  developed  under 
Phillips  Laboratory  (USAF)  and  published  by  the  Ontar  Corporation. 

In  1967,  Hohn  and  Maffeo  measured  the  irradiance  from  the  night  sky  in  the 
mountains  of  central  Europe  and  reported  their  finding,  typified  by  the  three  figures 
below  from  “Spectrale  Strahldichte  des  Klaren  und  des  bedeckten  nachthimmels  im 
wellenlangenbereich  von  0.5  bis  1.1  um.”^  a  translation  of  which  is  included  in  the 
appendices. 


4  Hohn  and  Maffeo,  “Spectrale  Strahldichte  des  Klaren  und  des  bedeckten  nachthimmels  im 
wellenlangenbereich  von  0.5  bis  1.1  um,”  Infrared  Physic,  1,  1967,  pp.  221-245 
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Figure  6.  Light  from  a  Night  Sky.  See  discussion  in  translation  (Appendix  B). 
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Fig.  3a-c.  Spektrale  Strahldichte  des  Nachthimmcis. 

Figure  7.  Spectral  Radiance  of  Night  Sky.  See  discussion  in  translation  (Appendix  B). 

In  1998  the  International  Astronomical  Union  published  “The  1997  Reference  of 
Diffuse  Night  Sky  Brightness. 

It  was  clear  that  the  findings  of  this  compilation,  both  scholarly  and  extensive  in 
its  coverage,  make  unnecessary  any  further  review  by  me  of  modem  literature  on  the 
subject  of  the  light  of  the_ night  sky. 

COMMENTS  AND  OPINIONS 

In  the  light  of  the  completeness  of  lAU  compilation,  it  may  seem  that  the  material 
supplied  from  other  sources  may  appear  unnecessary.  The  additional  material  I  provide, 
however,  shows  two  things: 

^  Leinert,  C.,  et  al.,  “The  1997  Reference  of  Diffuse  Night  Sky  Brightness,”  in  Astronomy  and 
Astrophysics  Supplement,  Series  127,  pp.  1-99, 1998. 
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•  the  variability  that  may  be  expected  in  the  emissions  from  the  night  sky  and 

•  the  broadband  broader  area  data  measured  from  larger  regions  of  the 
heavens,  rather  than  just  a  minute  or  so  of  arc  surrounding  a  star. 

The  data  from  much  of  the  astronomical  collection  is  concerned  with  the 
brightness  of  1  square  second  of  sky  surrounding  a  star  of  interest,  while  the  designer  of 
intensifiers  for  night  vision  applications  is  interested  in  how  much  total  irradiance  in  a 
given  broadbrand  from  the  total  sky  he  may  be  able  to  use. 

The  three  appendices  to  this  note  include  a  copy  of  the  lAU  report  (Appendix  A), 
a  copy  of  the  a  translation  of  the  1967  paper  by  Hohn  and  Maffeo  (Appendix  B),  and 
finally  a  best  available  reproduction  of  the  critically  important  paper  by  F.  E.  Roach  of 
1964  (Appendix  C). 

The  data  in  the  lAU  report  and  that  from  the  additional  material  in  the  appendices 
should  provide  sufficient  information  to  allow  design  decisions  to  be  made  based  upon 
the  best  data  available  today. 

CAVEAT 

The  application  of  such  data  to  the  military  use  of  image  intensifiers,  especially 
for  head-mounted  devices  such  as  goggles,  must  be  considered  with  care  because  of  the 
weight  and  volume  of  such  auxiliary  components  as  coolers  or  other  cryogenic  engines 
needed  for  the  existing  cathode  materials  known  to  me. 


10 


Appendix  A — The  1999  Reference  of 
Diffuse  Night  Sky  Brightness 


Reprinted  by  permission  of  the  publisher. 
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Abstract.  In  the  following  we  present  material  in  tabu¬ 
lar  and  graphical  form,  with  the  aim  to  allow  the  non¬ 
specialist  to  obtain  a  realistic  estimate  of  the  diffuse  night 
sky  brightness  over  a  wide  range  of  wavelengths  from  the 
far  UV  longward  of  Lya  to  the  far-infrared.  At  the  same 
time  the  data  are  to  provide  a  reference  for  cases  in  which 
background  brightness  has  to  be  discussed,  including  the 
planning  for  space  observations  and  the  issue  of  protection 
of  observatory  sites.  We  try  to  give  a  critical  presentation 
of  the  status  at  the  beginning  of  1997. 

Key  words:  diffuse  radiation  —  interplanetary 
medium  —  atmospheric  effects  —  astronomical  dabases: 
miscellaneous  —  infrared:  general  —  ultraviolet:  general 
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Fig.  1.  Overview  on  the  brightness  of  the  sky  outside  the  lower  terrestrial  atmosphere  and  at  high  ecliptic  and  galactic  latitudes. 
The  zodiacal  emission  and  scattering  as  well  as  the  integrated  light  of  stars  are  given  for  the  South  Ecliptic  Pole  (1  =  276°, 
b  =  —30°).  The  bright  magnitude  cut-off  for  the  stellar  component  is  V  =  6.0  mag  for  0.3  -  1  nm.  In  the  infrared,  stars  brighter 
than  15  Jy  between  1.25  and  4.85  /xm  and  brighter  than  85  Jy  at  12  fim  are  excluded.  No  cut-off  weis  applied  to  the  UV  data, 
A  <  0.3  /xm  The  interstellar  cirrus  component  is  normalized  for  a  column  density  of  10^°  H-atoms  cm~^  corresponding  to  a 
visual  extinction  of  0.053  mag.  This  is  close  to  the  values  at  the  darkest  patches  in  the  sky.  Source  for  the  long-wavelength 
data,  A  >  1  25  nm,  are  COBE  DIRBE  and  FIRAS  measurements  as  presented  by  Desert  et  al.  (1996).  The  IR  cirrus  spectrum 
is  according  to  the  model  of  Desert  et  al.  (1990)  fitted  to  IRAS  photometry  The  short-wavelength  data,  A  <  1  0  yum,  are  from 
the  following  sources:  zodiacal  light:  Leinert  &  Griin  (1990);  integrated  starlight;  A  <  0  3  ^xm,  Gondhalekar  (1990),  A  >  0  3  ^tm, 
Mattila  (1980);  cirrus:  A  =  0.15  fim,  Haikala  et  al  (1995),  A  =  0  35  —  0.75  fj,m,  Mattila  &  Schnur  (1990),  Mattila  (1979).  The 
geocoronal  Lyman  a(121  6  nm)  and  the  01(130  4,  135  6  nm)  line  intensities  were  as  measured  with  the  Faint  Object  Camera 
of  the  Hubble  Space  Telescope  at  a  height  of  610  km  (Caulet  et  al.  1994)  The  various  references  for  the  airglow  emission  can 
be  found  in  Sect.  6 


1.  Overview 

This  paper  is  concerned  with  the  night  sky  brightness  from 
the  far  UV  (w  100  nm)  to  the  far  infrared  (w  200  ^m). 

Quite  a  few  sources  contribute  to  the  diffuse  brightness 
of  the  moonless  sky  (/night  sky)  in  this  wavelength  range; 
-airglow  from  the  upper  atmosphere  (/a)- 
-Zodiacal  light,  both  as  scattered  sunlight  and  thermal 
emission  of  interplanetary  dust  particles,  from  interplane¬ 
tary  space  (/zl)-  (In  the  far  UV  interplanetary  Lya  emis¬ 
sion  is  important.) 

-Integrated  starlight  {hsh)  of  the  stars  not  individually  ac¬ 
counted  for 

-diffuse  galactic  light  (Jdgl),  in  the  UV  and  visual  mainly 
reflections  off  interstellar  dust  particles.  Their  infrared 
thermal  emission  is  known  as  “cirrus”  since  the  pioneer¬ 
ing  IRAS  observations.  It  dominates  the  sky  brightness  in 
the  far-inffared.  Interstellar  gas  contributes  line  emissions 


over  all  of  our  wavelength  range. 

-Extragalactic  background  light  (/ebl)  in  addition  to  the 
radiation  of  individually  detected  galaxies. 

The  combined  light  of  these  radiations  is  attenuated 
by  atmospheric  extinction,  while  tropospheric  scattering 
of  the  infalling  flux  adds  a  non-negligible  brightness  com¬ 
ponent  (/sea)- 

Formally,  the  above  statements  may  be  expressed  as 

^night  sky  =  (7a  +  7zl  +  7isl  -t-  7dgl  +  7ebl)  •  e  '  -f  Isca-  (1) 

It  should  be  noted  that  the  “extinction  coefficient”  r 
(which  depends  on  wavelength  A,  zenith  distance  z,  height 
of  the  observer  and  change  of  the  atmospheric  condi¬ 
tions  with  time)  for  diffuse  sources  has  a  value  different 
from  that  determined  for  stars.  The  scattered  light  Aca 
not  only  contains  additional  contributions  due  to  stars 
and  galaxies  otherwise  accounted  for  individually,  but, 
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Table  1.  Conversion  factors  for  ultraviolet  brightness  units 


“  Lya,  Hq. 


Table  2.  Conversion  factors  for  visual  brightness  units 


Wavelength 

{U.m) 

1  MJy/sr  correspo 
Ix  (W/ra^  sr  Min) 

nds  to 

r/A 

npy)- 

for  0  mag 

1  5x0  unit^  corre 
[W/m^  sr  Mm] 

spends  to 
[Jy/sr] 

1  5100  unit 
Ix  [W/m^  sr  Mm] 

“  correspond 
5x0  units 

s  to 

/„[Jy/srj 

0  36  (U) 

2  31  10“® 

5  27 

1810 

1  37  10“® 

590 

6  70  10“® 

0  488 

290 

0.44  (B) 

1  55  10“° 

4.31 

4260 

2.17  10“® 

1400 

1.19  10"® 

0.550 

770 

0  502  ±  12  nm 

1  19  10“® 

3  78 

3960 

1  55  10“® 

1300 

1  28  10“® 

0  825 

1070 

0.530  i:  3.5  nm 

1  07  10“® 

3  58 

3790 

1  33  10“® 

1240 

1  24  10“® 

0  935 

1160 

0  55  (V) 

9  91  10“® 

3  45 

3640 

1  18  10“® 

1200 

1  18  10“® 

1  0 

1200 

0  64  (Be) 

7  32  10“® 

2  96 

3080 

7  40  10“® 

1010 

1  05  10"® 

1.42 

1440 

0.70  (Rj) 

6  12  10“® 

2.71 

2840 

5  70  10“® 

930 

9  21  10“® 

1  61 

1510 

0  79  (Jc) 

4.80  10“® 

2  34 

2550 

4.02  10“® 

840 

7  80  10"® 

1.94 

1620 

0  90  (/j) 

3  70  10“® 

2.11 

2250 

2.73  10"® 

740 

5  76  10"® 

2.11 

1560 

1  25  (J) 

1  92  10“® 

1  52 

1570 

9  89  10" 

515 

2  93  10“® 

2.97 

1530 

1.65  (H) 

1.10  10“® 

1  15 

1020 

3  69  10“^® 

335 

1.41  10"® 

3  84 

1290 

2  2  (K) 

6.19  10“'' 

0  862 

636 

1  29  10“*® 

210 

5  24  10“*° 

4.06 

850 

“References:  for  U,  B,  V,  Rq,  Iq  Bessell  (1979);  for  i?j,  /j  Alien  (1985);  for  J,  H,  K  Bessell  Sc  Brett  (1988);  for  502  nrn  and  530  nm  Hayes  (1985) 
The  references  give  Fu  or  F\  for  a  star  of  magnitude  zero,  with  uncertainties  of  about  2%  —  5%.  They  are  transformed  to  Siq  units  by:  1  zeroth 
magnitude  star/sr  =  3  046  Siq  units 

*'By  definition  1  unit' corresponds  to  27  78  rm-g/o" ,  while  22  mag/O"  =  205 

^The  definition  of  this  unit  depends  on  the  solar  UBVRIJHK  values,  which  are  uncertain  by  several  %  beyond  1  0  /^m  and  below  400  nm 
References:  for  U,  B,  V,  Rj,  Ij  Allen  (1985);  for  Hq,  Iq  Bessell  &  Brett  (1988),  Taylor  (1992);  for  J,  H,  K  Alonso  et  al  (1995);  for  502  nm  and 
530  nm  Neckel  Sc  Labs  (1984) 


increasingly  more  important,  the  light  pollution  due  to 
the  ever-growing  man-made  lighting. 

For  space  observations  atmospheric  extinction  and 
scattering  are  irrelevant,  but  other  complexities  like  in¬ 
strumental  stray  light  of  lunar,  terrestrial  or  solar  radi¬ 
ation  may  arise.  For  low  orbits,  spacecraft-induced  glow 
phenomena  may  be  present. 

Quite  understandably  then,  extracting  accurate 
brightness  values  from  Eq.  (1)  is  a  difficult  task,  and  the 
past  has  seen  a  measure  of  disagreement  between  individ¬ 
ual  determinations.  In  the  following  we  want  to  summarise 
what  consensus  has  been  obtained  in  this  field  during  the 


last  years,  in  order  to  provide  a  basis  for  easier  reference 
and  comparability. 

The  aim  of  this  article  is  to  provide  the  reader  with 
comparatively  easy  access  to  agreed-upon  or  at  least  rec¬ 
ommended  values  of  night  sky  brightness.  Inevitably  this 
requires  smoothing  and  interpolating  of  data.  Therefore 
we  want  to  give  at  the  same  time  sufficient  information  on 
original  publications  to  give  an  impression  on  the  grade  of 
agreement  or  disagreement  of  the  available  data  and  to 
allow  the  reader  who  wants  to  do  so  to  draw  his  own  con¬ 
clusions. 
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Table  3.  Conversion  factors  for  infrared  brightness  units 


Wavelength 

(mw) 

1  MJy/sr  corres 
I\  [W/ra^  sr  yxm] 

spends  to 

A  [cgs“] 

F„  [Jy|  foi 
of  0  mag 

r  star 
Ref. 

1  S’lo  unit 
A  [W/m®  sr  xtm] 

:  corresponds  I 

I\  [cgs“] 

bo 

R  [Jy/sr] 

1  25  (J) 

1  92  10-® 

1.92  10-1' 

1570 

1 

9  89  10-1® 

9.89  10-11 

515 

1  65  (R) 

1.10  10-® 

1.10  10-1 

1020 

1 

3  69  10-1® 

3.69  10-11 

335 

2  2  {K) 

6.19  10-'^ 

6  19  10-® 

636 

1 

1  29  10-1® 

1.29  10-11 

209 

3  5  (L) 

2.45  lO-i' 

2.45  10-® 

281 

1 

2.26  10-11 

2.26  10-1® 

92.3 

3.8  (A) 

2.08  10-'^ 

2  08  10-® 

235 

1 

1  60  10-11 

1  60  10-1® 

77  2 

4  8  (M) 

1.30  10-’’ 

1  30  10-® 

152 

1 

6.50  10-1® 

6.50  10-1® 

49.9 

8.4 

4  25  10“® 

4.25  10-® 

58 

2 

8.09  10-1® 

8.09  10- 14 

19.0 

10 

3.00  10-® 

3.00  10-® 

40 

3 

3.94  10-1® 

3.94  10-14 

13  1 

10  6  {N) 

2.67  10-® 

2.67  10-® 

36 

3 

3.15  10-1® 

3.15  10-14 

11  8 

12 

2  08  10-® 

2.08  10-® 

28 

4 

1.91  10-1® 

1.91  10-14 

9  19 

20 

7.50  10“® 

7  50  10-1® 

10.4 

3 

2.56  lO-i"! 

2.56  10-1® 

3  41 

21  (Q) 

6  80  10-® 

6.80  10-1® 

9.4 

3 

2.10  lO-i"! 

2  10  10-1® 

3.09 

25 

4.80  10-® 

4.80  10-1® 

67 

4 

1.06  lO-l-i 

1.06  10-1® 

2.20 

60 

8.33  10-1® 

8.33  10-11 

1.19 

4 

90 

3.70  10-1® 

3.70  10-11 

100 

3  00  10-1® 

3.00  10-11 

135 

1.64  10-1® 

1.64  10-11 

175 

9  79  11-1® 

9.79  10-12 

200 

7.50  10-11 

7  50  10-12 

240 

5.21  10-11 

5.21  10-1® 

“unit  is  [erg/cm^  s  sr  A]. 

'Bessell  &:  Brett  (1988)  ^Gillett  &  Stein  (1971)  ®Rieke  et  al.  (1985)  ^Neugebauer  et  al.  (1988).  The  above  references  give  or 
F\  for  a  star  of  magnitude  zero,  with  uncertainties  of  about  2%  —  5%.  These  values  are  transformed  to  Sio  units  by:  1  zeroth 
magnitude  star/sr  =  3.046  S'lo  units. 


We  will  go  through  the  components  basically  in  the 
order  in  which  they  appear  in  Eq.  (1),  and  for  each  com¬ 
ponent  try  to  provide  information  on  the  visual,  infrared 
and  ultraviolet  wavelength  ranges. 

2.  Brightness  units 

There  are  a  number  of  different  brightness  units  in  use 
in  the  different  fields  of  night  sky  brightness  with  their 
individual  traditions  and  advantages.  Rather  than  trying 
the  Sisiphus  work  of  standardising  the  use  of  brightness 
units,  we  give  here  conversion  tables.  These  should  help 
to  transform  whatever  was  given  in  an  original  reference 
to  the  desired  physical  units  and  allow  intercomparison 
between  different  sources.  As  a  rule,  we  will  in  the  quan¬ 
titative  information  on  night  sky  brightness  stay  with  the 
units  of  the  original  papers.  The  units  come  in  two  groups: 

(1)  physical  units: 

-  photons/cm^  s  sr  A. 

-  Rayleigh/ A  [R/A].  Originally  a  measure  of  the  emis¬ 
sion  in  a  column  through  the  atmosphere,  it  also 
may  be  understood  as  a  sky  brightness  of  10®/47r 
photons/cm^  s  sr  A. 

-  F\  in  W/m^  sr  p  as  well  as  in  W/cm^  sr  p.  and  -  in 
the  cgs  system  -  in  erg/ cm^  s  sr  A,  where 

1  W/m^  sr  /X  =  10”^W/cm^  sr  p  —  0.10  erg/cm^  s 
sr  A. 

-  Fi,  in  MJy/sr  or  Jy/sr,  where  1  Jy  =  10“^® 


Wm-^Hz-^ 

Note  that  z^P’i/[W/m^  sr  Hz]  =  XF\  [W/m^  sr  /xm]  and 
Fx(W/m^  sr  /rm]  =  c/A^[Hz/m|T0~®-Fi,[W/m^  sr  Hz]. 
(2)  Traditional  units: 

-  5io  units  [tenth  magnitude  star  per  degree  squared] . 
This  is  the  brightness  equivalent  to  the  flux  of  a  star 
of  magnitude  10  (tenth  magnitude  in  the  wavelength 
range  under  consideration)  distributed  over  one  de¬ 
gree  squared.  Basically  it  refers  to  AO  stars,  which  es¬ 
sentially  have  the  same  magnitude  in  all  wavelength 
bands.  The  5io  unit  was  convenient  in  terms  of  cali¬ 
bration  by  stars  and  in  that  by  its  use  most  values  of 
the  night  sky  brightness  in  the  visual  fall  in  the  range 
100-  1000. 

-  B/Bq  (units  of  the  mean  brightness  of  the  solar  disk, 
mainly  used  in  observations  of  the  solar  corona). 

-  510q  [solar  type  stars  of  tenth  magnitude  per  degree 
squared].  The  unit  has  also  been  called  510  or  5io(vis). 
This  unit  is  a  convenient  measure  of  the  zodiacal  light 
in  the  visual,  where  its  spectral  energy  distribution 
would  be  equal  to  the  solar  one  for  neutral  scattering. 
With  Vq  =  —26.74  and  the  mean  solid  angle  of  the 
Sun  of  6.80  10“®  sr  (Allen  1985),  we  have,  denoting 
the  solar  irradiance  at  1  AU  as  Fq, 

1  510o  =  6.61  10-12  ^  4  50  iq-is  b/Bq. 

As  representation  of  the  solar  radiation  we  use  the 
solar  spectral  irradiance  data  of  Neckel  &  Labs 
(1984).  This  understanding  of  the  510©  unit  almost 
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exactly  agrees  with  the  definition  given  by  Sparrow  & 
Weinberg  (1976). 

Because  of  the  different  traditions  we  give  the  conver¬ 
sion  tables  separately  for  the  ultraviolet,  the  visual  and 
the  infrared.  Note  that  the  conversion  factors  to  physi¬ 
cal  units  may  be  slightly  different  for  a  narrow-band  filter 
and  a  broad-band  filter  at  the  same  wavelength.  A  useful 
quantitity  to  remernber  when  working  with  the  conversion 
tables  is  the  energy  of  a  1  ^m  photon:  hv  =  1.986  10“^® 
Ws. 

3.  Coordinate  transformations 

Object  coordinates  are  usually  given  in  the  equatorial  a, 
5  sytem. 

The  zodiacal  light  is  given  in  terms  of  ecliptic  coor¬ 
dinates  A  —  with  the  zero  point  of  A  in  the  Sun. 

Description  of  a  line  of  sight  by  elongation  e  and  inclina¬ 
tion  i  also  is  common.  For  the  relation  between  these  two 
sets  of  coordinates  see  Fig.  2  and  Sect.  3.5  below. 
Integrated  starlight  is  naturally  presented  in  galactic  co¬ 
ordinates  l,b. 

For  estimates  of  the  diffuse  background  brightness  at 
a  given  position,  transformation  between  these  three  sys¬ 
tems  is  necessary.  Figures  3-7  provide  a  simple  way  to  do 
so  graphically  with  about  one-degree  accuracy,  which  is 
sufficient  for  many  applications.  The  underlying  transfor¬ 
mation  equations  are  summarised  below  for  ease  of  access. 

Airglow,  extinction  and  scattering  are  best  described 
in  the  local  horizontal  system  A,  z  (azimuth,  zenith  dis¬ 
tance).  The  transformation  to  the  other  systems  depends 
on  time  and  on  the  observer’s  geographic  coordinates.  For 
the  horizontal  system,  only  the  equations  for  the  transfor¬ 
mation  to  the  equatorial  system  are  given. 

3.1.  Ecliptic  and  equatorial  coordinates 

The  obliquity  of  the  ecliptic  is  essentially  constant,  e  = 
23.446°  for  equinox  1950,  respectively  e  =  23.439°  for 
equinox  2000. 

The  precession  of  the  vernal  equinox  along  the  ecliptic 
is  po  =  50.3"/year.  Hence 

A2000  =  Aigso  -t-  0.698°.  ■  -  (2) 

The  north  ecliptic  pole  is  at  a  =  18  h,  5  =  90°  —  e. 

The  north  celestial  pole  is  at  A  =  90°,  /?  =  90°  —  e. 

Both  a  and  A  are  cormted  eastward  from  the  vernal 
equinox.  Apart  from  the  minimal  change  in  e,  the  trans¬ 
formation  equations  then  axe  the  same  for  1950  and  2000: 

3.1.1.  Transformation  a,5  X,  P 

sin  P  =  sin  5  cos  e  —  cos  5  sin  e  sin  a 

cos  A  =  cos  a  cos  5/ cos /3  (3) 

sin  A  =  [sin  ^  sin  e  +  cos  d  cos  e  sin  a]  /  cos  /?. 


3.1.2.  Transformation  X,P  a,5 

sin5  =  sin /3  cos  e -h  cos /?  sine  sin  A 

cos  a  =  cos  A  cos  P /  cos  5  (4) 

sin  a  =  [— sin  ,0  sine -I- cos /3  cose  sin  A] /cos  A 

3.2.  Galactic  and  equatorial  coordinates 

By  lAU  decision,  for  equinox  1950  the  north  galactic  pole 
(NGP)  is  at  a  —  12  h  49.0  m,  5  =  27.4°  and  the  celestial 
pole  at  I  —  123.0°,  b  =  27°  24.0'.  Hence  the  ascending  node 
of  the  galactic  equator  is  at  ao  —  18  h  49.0  m  =  282.25°, 
lo  —  33.0°.  For  equinox  2000,  the  coordinates  of  the  north 
galactic  pole  are  a  =  12  h  51.42  m,  5  =  27°  07.8',  and 
we  have  ao  =  282.86°,  Iq  =  32.93°.  The  inclination  of  the 
galactic  equator  with  respect  to  the  echptic  is  90°  —  (5ngp- 
As  a  and  A,  I  is  also  counted  eastwards. 

With  these  parameters,  the  transformations  are  as  fol¬ 
lows: 


3.2.1.  Transformation  a,5  l,b 

sin  6  =  sin  (5  sin  (5ngp  —  cos  6  cos  Jngp  sin(a  —  ao) 
cos(l  —  lo)  =  cos(a  —  ao)  cos  <5/  cos  5  (5) 

sin(l  —  lo)  =  [sin  (5  cos  i5ngp  + 

CDSfisin^NGP  sin(a  —  ao)]/ cos 6. 

3.2.2.  Transformation  l,b  a,5 

sin  5  =  sinfesin^NGP  +  cos6cos5ngp  sin(l  —  Iq) 
cos(a  —  ao)  =  cos(Z  —  lo)  cos  b/  cos  5  (6) 

sin(a  —  ao)  =  [— sinfecos^NGP  + 

cosbsin^NGP  sin(l  —  lo)]/cos5. 

3.3.  Galactic  and  ecliptic  coordinates 

In  ecliptic  coordinates,  for  equinox  1950  the  north  galac¬ 
tic  pole  is  at  A  =  179.32°,  P  —  29.81°,  and  the  as¬ 
cending  node  of  the  galactic  equator  at  Ao  ==  269.32°, 
li  —  6.38°.  For  equinox  2000,  the  coordinates  of  the  north 
galactic  pole  are  A  =  180.02°,  P  =  29.81°,  and  we  have 
Ao  =  270.02°,  lx  =  6.38°.  The  inclination  of  the  galac¬ 
tic  equator  with  respect  to  the  echptic  is  90°  —  /0ngp  ■  As 
already  mentioned,  I  is  counted  eastwards.  With  these  pa¬ 
rameters,  the  transformations  are  as  follows: 
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3.3.1.  Transformation  X,P  -i-  l,b 

sin  b  =  sin  ,5  sin  /3ngp  —  cos  /3  cos  /?ngp  sin(A  —  Aq) 
cos{l  —  h)  —  cos(A  —  Ao)  cosj3/ cos6  (7) 

sm{l  -  h)  —  [sin cos /3ngp  + 

cos /?  sin /3ngp  sin(A  —  Ao)j/cos6. 

3.3.2.  Transformation  i,  6  — >•  A,  ,3 

sin/3  =  sin6siny0NGP  +  cos  b  cos /3ngp  sin(i  —  h) 
cos(A  -  Ao)  =  cos(/ - /i)  cosb/cos/3  (8) 

sin(A  -  Aq)  =  [-sinbcos/3NGP  + 

cosbsin/3NGP  sin(i  —  li)]/ cosp. 

3.4-  Altazimuth  and  equatorial  coordinates 

The  transformation  depends  on  local  sidereal  time  0  and 
on  geographical  latitude  4>.  Instead  of  elevation,  zenith  dis¬ 
tance  z  =  will  be  used.  The  zenith  distance  of  the  celestial 
pole  is  90°  —  (p  Both,  azimuth  A  and  hour  angle  t  =  0  —  a 
are  counted  from  the  meridian  through  west. 

3.4.1.  Transformation  a,6  A,z 

cosz  —  sin(fsin(/i -h  cos(Jcos^cos(0  —  a) 

cos  A  =  [— sin5coS(/>  +  cos(5sin<?!icos(0  -  a)]/sinz  (9) 

sin  A  =  sin(0  -  a)  cosi5/sin2. 

3.4.2.  Transformation  A,z  a,  5 

sin  5  =  cos  z  sin  0  —  sin  z  cos  0  cos  A 
cos(0  —  a)  =  [cos  z  cos  0 -{- sin  z  sin  0  cos  A]/ cos  (5  (10) 
sin(©  —  a)  =  sin  A  sin  z/ cos  J.’ 


3.5.  Alternate  ecliptic  coordinates 

Instead  of  A  —  A© ,  /3  also  a  sun-centered  polar  coordinate 
system  is  used.  Its  coordinates  are  the  angular  distance 
from  the  sun.  called  elongation  e,  and  a  position  angle 
i,  counted  from  the  ecliptic  counterclockwise, called  incli¬ 
nation.  The  relation  between  the  two  sets  of  coordinates, 
when  describing  the  position  of  a  field-of-view  with  respect 
to  the  sun,  is  shown  in  Fig.  2. 


EAST  WEST 


Fig.  2.  Relation  between  the  coordinates  used  for  present¬ 
ing  zodiacal  light  measurements.  A  is  counted  positive  towards 
east,  i  is  counted  positive  counterclockwise  from  the  ecliptic 
west  of  the  Sun 


It  is  unfortunate  that  the  obliquity  of  the  ecliptic,  used 
in  Eqs.  (3)  and  (4),  and  the  angular  distance  from  the 
sun,  used  in  Eqs.  (11)  and  (12),  both  are  designated  by 
the  same  letter  e.  However  we  did  not  want  to  change  the 
commonly  used  notations.  In  practice  this  dual  meaning 
rarely  should  lead  to  confusion. 


3.5.1.  Transformation  X  —  \q, P  e,i 
cose  =  cos(A  —  A©)  cos/3 

cosz  =  cos/3  sin(  A  —  Aq)/ sine  (11) 

sinz  sin /3/ sine. 


3.5.2.  Transformation  e,  z  — >  A  —  Aq,/3 
sin/3  =  sinz  sine 

cos(A  —  Aq)  =  cose/ cos /3  (12) 

sin(A  —  Aq)  =  cos  z  sine/ cos 

The  reader  is  cautioned  that  in  some  papers  the  differen¬ 
tial  helioecliptic  longitude  A  -  A©  may  be  called  “elonga¬ 
tion”  or  may  be  designated  as  “e”,  contrary  to  our  defini¬ 
tion  of  elongation  e  as  the  angular  distance  from  the  sun 
to  the  field-of-view. 
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Fig.  3.  Relation  between  coordinates  a,  6  (lines)  and  (underlying  dotted  grid)  for  equinox  2000 
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Fig.  5.  Relation  between  coordinates  I,  b  (lines)  and  a,  6  (underlying  dotted  grid)  for  equinox  2000  -  alternative  projection 


Fig.  7.  Relation  between  coordinates  l,b  (lines)  and  A,/3  (underlying  dotted  grid)  for  equinox  2000  -  alternative  projection 
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Table  4.  Comparison  of  B  and  V  zenith  sky  brightnesses  at  different  sites  in  units  of  mag/Q".  The  minimum/majdmum  values 
given  are  averages  of  the  three  smallest/largest  sky  brightness  values  (nightly  averages)  given  for  each  site.  In  the  case  of  ESO 
and  Calar  Alto,  the  numbers  in  boldface  refer  to  actual  B,  V  measurements,  while  the  numbers  in  parantheses  have  been 
transformed  from  medium  band  filter  measurements.  The  given  solar  10.7  cm  flux  value  (in  units  of  10“*  Jy)  is  the  average  of 
the  three  nights  in  question 


Site 

/a  (max)  Lb  (min)  /v(max)  /v(min) 

Solar  flux 

Corresponding  dates 

ref. 

ESO 

22.74  21.69 

164 

78-02-05 

IQI 

(22.20)  (20  85) 

168 

80-12-06;  80-06-08;  88-12-05 

n 

22.97 

161 

78-02-08  ' 

(22.94) 

116 

78-02-08;  87-12-16;  87-12-19; 

I 

21.91 

162 

78-02-07 

(22.02) 

94 

87-12-15;  87-12-16;  87-12-19; 

■ 

Calar  Alto 

22.51(22.30) 

61 

95-05-26,27,28 

23.05(22.98) 

176 

.  89-05-06;  90-06-26;  93-06-21 

(21.16) 

206 

89-05-04;  91-06-11;  91-06-16 

21.79 

61 

95-05-27,28,29 

San  Benito  Mt. 

22.37  21.32 

233 

3. 

23.08 

78 

76-04-30;  87-04-25;  87-06-29 

22.07 

76 

76-04-30;  87-04-28;  87-06-29 

Kitt  Peak 

22.65 

114 

88-01-21;  88-03-17;  88-06-14 

4. 

22.98 

75 

86-12-02;  86-12-30;  87-06-22 

21.60 

114 

87-11-20;  88-03-17;  88-06-14 

22.01 

75 

86-12-02;  86-12-31;  87-06-22 

Crimea 

21.91  21.10 

68-04-28;  71-04-25;  70-08-09 

5. 

23.05  22.05 

68-03-29;  68-04-06;  68-04-28 

Hawaii 

22.27 

210 

88-11-13;  89-03-28;  89-09-12 

6. 

23.03 

142 

87-08-26;  87-11-13;  89-06-10 

21.21 

166 

85-12-13;  88-11-13;  89-03-28 

22.05 

102 

86-06-02;  87-08-26;  88-07-18 

McDonald 

22  54  21.54 

138 

60-02-04;  72-12-30;  73-01-12 

n 

Observatory 

23.01 

156 

60-01-27;  72-01-11;  72-01-15 

mm 

21.92 

159 

60-01-27;  72-01-15;  73-01-08 

1.  Mattila  et  al.  (1996a). 

2  Leinert  et  al.  (1995),  Leinert  et  al.  (1996,  unpublished). 

3.  Walker  (1988). 

4.  Pilachowski  et  al.  (1989). 

5.  Lyutyi  &  Sharov  (1982). 

6.  Krisciunas  (1990). 

7.  Kalinowski  et  al.  (1975). 


4.  Total  sky  brightness 

In  this  section  we  give  the  minimum  diffuse  sky  bright¬ 
ness  to  be  expected  (values  for  an  arbitrary  field-of-view 
have  to  be  estimated  as  a  sum  of  the  components  of  the 
night  sky  brightness).  For  the  ultraviolet  and  the  infrared, 
extraterrestrial  values  are  given.  For  the  visual  spectral  re¬ 
gion  we  give  the  values  as  seen  from  ground.  Here,  the  ex¬ 
traterrestrial  values  would  closely  correspond  to  the  mini¬ 
mum  brightness  of  the  zodiacal  light,  stars  being  resolved 
by  optical  space  telescopes  like  the  HST.  For  the  near- 
infrared,  sky  brightness  as  seen  from  ground  is  also  in¬ 
cluded. 

In  the  infrared,  total  brightnesses  as  observed  by 
the  DIRBE  experiment  onboard  COBE  are  conveniently 
available  in  the  form  of  weekly  averages  of  the  bright¬ 


ness  seen  in  different  viewing  directions  from  the  helio¬ 
centric  position  taken  by  COBE  dmdng  the  respective 
week.  The  data,  covering  the  10  photometric  DIRBE 
bands  from  1.25  /rm  to  240  pm  (see  Sect.  8.5),  including 
Stokes  Parameters  Q  and  U  for  the  1.25  pm,  2.2  pm  and 
3.5  pm  bands,  are  available  on  CD-ROM  or  tape.  Under 
http;// www.gsfc.nasa.gov/astro  /  cobe/cobe_home.html 
on  the  World  Wide  Web  one  finds  the  information  nec¬ 
essary  to  actually  receive  those,  data. 

4-1.  Ultraviolet 

4.1.1  Far  UV  (91  2  nm  -  180  nm) 

The  sky  brightness  over  most  of  this  band  is  the  sum 
of  starlight  and  starlight  scattered  by  interstellar  dust. 
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SKY  BRIGHTNESS 
CALAR  ALTO  1990-06-23 


LOCAL  SIDEREAL  TIME 


SKY  BRIGHTNESS 
CAU\R  ALTO  1990-06-27 


LOCAL  SIDEREAL  TIME 


Fig.  8.  Variation  of  the  night  sky  brightness  at  Calar  Alto  during  the  course  of  one  night.  Left:  Observations  in  medium  band 
filters,  including  Stromgren  u  and  b  on  June  23,  1990.  L134  is  a  dark  cloud  in  Ophiuchus  at  ecliptic  latitude  15°,  the  Draco  field 
is  at  high  ecliptic  latitude,  hence  the  lower  brightness  level  Right:  Observations  in  broad  band  filters  on  June  27,  1990  near  the 
ecliptic  pole  -  The  effect  of  dawn  and  dusk  can  be  seen  in  the  data  auround  15  h  and  21  h  siderial  time 


The  Sun’s  flux  is  sufficiently  low  that  zodiacal  light  is 
virtually  non-existent.  An  intense  diffuse  emission  in  this 
band  is  emission  from  hydrogen  Lyman-alpha  at  121.6  nm. 
This  flux  is  produced  by  scattering  of  solar  radiation  by 
neutral  hydrogen  in  the  Earth’s  geocorona,  and  by  scatter¬ 
ing  from  neutral  interstellar  hydrogen  entering  the  helio¬ 
sphere.  The  geocoronal  flux  varies  by  more  than  a  factor  of 
10  between  day  and  night;  typical  fluxes  range  from  3  kR 
(night)  to  34  kR  (day).  This  flux  varies  with  distance  from 
the  Earth’s  geocorona.  An  excellent  exposition  of  the  vari¬ 
ation  of  this  flux  as  a  function  of  these  variables  is  given 
by  Raurden  et  al.  (1986).  See  also  Sect.  6. 

4.1.2.  Near  UV  (180  nm  —  300  nm) 

The  sky  brightness  in  this  range  is  primarily  the  sum  of 
zodiacal  light,  starlight,  and  starlight  scattered  by  inter¬ 
stellar  dust.  The  zodiacal  light  in  this  range  has  not  yet 
been  well  characterized,  the  presently  available  informa¬ 
tion  is  shown  in  Sects.  8.4  and  8.6.  The  integrated  starlight 
is  discussed  in  Sect.  10.2.  Scattering  by  dust  near  early 
type  stars  is  a  major  contributor  to  the  diffuse  flux  in  this 
range,  and  is  highly  variable  from  place  to  place  in  the 
Galaxy  (see  also  Sect.  11.5). 


4-2.  Visual 

Table  4,  adapted  from  a  recent  paper  (Leinert  et  al.  1995), 
gives  minimum  and  maximum  values  of  broadband  sky 
brightness  as  observed  in  moonless  nights  at  several  ob¬ 
servatories  in  suitable  “dark  regions”  of  the  sky.  The  main 
constituents  of  this  diffuse  brightness  are  airglow,  zodia¬ 
cal  light  and  tropospherically  scattered  light,  in  this  or¬ 
der,  but  in  roughly  comparable  quantities.  The  variation 
between  minimum  and  maximum  is  mostly  due  to  solar 
activity,  which  leads  to  increased  airglow  emission.  The 
individual  entries  in  Table  4  are  not  stricly  comparable 
Some  of  the  measurements  were  performed  with  small  tele¬ 
scopes  and  excluded  stars  only  down  to  about  10  mag  (San 
Benito  Mt.),  about  13  mag  (Kitt  Peak,  90  cm  telescope, 
diaphragm  50")  and  about  12  mag  (Hawaii,  15  cm  tele¬ 
scope,  6.5  □').  The  residual  contributions  of  individual 
stars  to  their  observed  zenith  brightnesses  then  can  be  es¬ 
timated  (Roach  &  Megill  1961)  to  be  still  0.08  —  0.22  mag, 
0.03  —  0.11  mag,  and  0.05  —  0.15  mag,  respectively,  both 
at  B  and  V.  In  clear  nights  therefore  the  sky  appears  to 
be  more  or  less  equally  dark  at  all  major  observatories. 

Figure  8  shows  the  observed  variation  of  sky  brightness 
in  a  starless  spot  for  a  typical  night,  both  for  intermediate- 
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band  and  broad-band  observations.  The  central  wave¬ 
lengths  of  the  intermediate  bands  have  been  selected  to 
coincide  with  minima  of  the  night  sky  spectrum.  Figure 
9  indicates  what  emission  may  be  expected  outside  those 
bands.  Brightness  variations  usually  are  well  correlated 
between  different  wavelength  bands  (see  Leinert  et  al.  1995 
and  Fig.  28  in  Sect.  6.3).  An  example  for  the  variation  of 
sky  brightness  with  solar  activity  is  given  in  Fig.  10. 

Sky  Brightness  at  Color  Aito  (Draco)  end  Palornor 


Waveleng;>^ 


Fig.  9.  A  low  resolution  night  sky  spectrum  at  Palomar 
Observatory,  taken  on  November  28,  1972  (Turnrose  1974), 
compared  to  medium  band  measurements  on  Calar  Alto  (CA) 


Li:34/L183 


Fig.  10.  Correlation  between  the  night  sky  brightness  observed 
at  Calar  Alto  at  525  nm  with  the  solar  activity,  measured  by 
the  10.7  cm  radio  flux  density  (in  units  of  10“*  Jy) 


4-3.  Near-infrared  from  the  ground 

The  near-infrared  sky  brightness  seen  from  ground  at  a 
typical  observing  site  is  shown  in  Fig.  11.  Below  2  pm  the 
night  sky  emission  is  dominated  by  OH  airglow  emission 
(see  also  Sect.  6).  Above  2  pm  thermal  emission  by  the 
atmosphere  is  dominating.  Between  2  pm  and  4  pm  emis¬ 
sion  from  the  telescope  also  adds  a  considerable  fraction 
to  the  total  radiation. 

The  situation  is  quite  different  for  ot^servations  from 
Antarctica.  The  much  reduced  thermal  emission  in  an  en¬ 
vironment  with  winter  temperatures  below  —60  °C  leads 
to  a  substantial  reduction  of  sky  background  particularly 
in  the  K  photometric  band  (Ashley  et  al.  1996;  Nguyen 
et  al.  1996,  see  Fig..  12  and  Table  5).  Because  of  the  ab¬ 
sence  of  strong  airglow  emission  between  2.3  pm  and 
2.5  pm  (see  Fig.  27,  Sect.  6.1.c),  in  this  spectral  region 
values  of  zenith  sky  brightness  as  low  as  50  pJy  arcsec"^ 
{K  =  17.7  mag  arcsec"^)  have  been  measured.  The  de¬ 
pendence  on  zenith  distance  is  normal:  proportional  to 
sec  z  down  to  z  50°.  In  the  L  band,  between  2.9  pm 
and  4.1  pm,  still  an  improvement  by  a  factor  of  40  —  20 
was  found  (Ashley  et  al.  1996). 


Table  5.  Comparison  of  K  band  sky  brightnesses“ 


Site 

A 

(pm) 

AA 

(pm) 

A 

(A^Jy/o") 

/ 

(mag/a") 

Ref. 

Mauna  Kea 

2.22 

0  39 

W4000 

«13 

1 

Mauna  Kea 

2  11 

0.35 

W2700 

ssl3  4 

1 

Balloon 

24 

0  1 

<  26 

<18  4 

2 

Balloon 

2.38 

0  08 

130±19 

16.7 

3 

South  Pole 

2.36 

0  14 

162±67 

16  5 

4 

South  Pole 

2.40 

0  04 

50 

17.7 

5 

“  adapted  from  Nguyen  et  al.  (1996). 

References:  *Wainscoat  &  Cowie  (1992),  ^Hofmann  et  al 
(1974),  ^Matsumoto  et  al  (1994),  ^Nguyen  et  al.  (1996), 
°  Ashley  et  al.  (1996) 


4-4-  Infrared 

Table  6  shows  the  darkest  spots  on  the  sky  from  1  pm  to 
240  pm  as  measured  by  the  infrared  photometric  experi¬ 
ment  DIRBE  on  the  COBE  satellite  in  an  0.7°  x  0.7°  wide 
field-of-view  (adapted  from  Hauser  1996).  These  are  con¬ 
servative  upper  limits  to  the  cosmic  infrared  background 
light.  For  wavelengths  of  A  <  60  pm,  where  the  zodia¬ 
cal  light  (thermal  emission)  dominates,  the  darkest  fields 
are  close  to  the  ecliptic  poles.  For  longer  wavelengths,  the 
thermal  emission  of  interstellar  dust  is  dominating,  and 
the  darkest  fields  are  found  in  regions  around  the  galactic 
poles  with  particularly  low  HI  21  cm  emission  (Lockman 
et  al.  1986). 


Ch.  Leinert  et  al.:  The  1997  reference  of  diffuse  night  sky  brightness 


15 


Fig.  11,  Near-infrared  spectrum  of  the  night  sky  brightness,  measured  just  inside  the  cryostat  window  of  the  UKIRT  IRCAM 
camera  (McCaughrean  1988).  Note  that  10“*  photons  correspond  to  4.23  Wm“^  sr~^/im“^.  From  Beckwith 

1994 


Fig.  12.  Near-infraxed  sky  brightness  around  2.3  /rm  as  ob¬ 
served  in  Antarctica  on  May  31,  1994  with  an  ambient  tem¬ 
perature  of  —62°.  The  dip  around  2.4  /um  is  due  to  the  lack 
of  airglow  emission  in  this  region.  The  South  Pole  data  are 
compared  to  observations  obtained  at  the  Siding  Spring  ob¬ 
servatory  (Australia)  with  an  ambient  temperature  of  -1-10°. 
From  Ashley  et  al.  (1996) 


Table  6.  Minimum  observed  sky  brightnesses  found  in  the 
DIRBE  weekly  averaged  sky  maps 


A 

(mih) 

wll,  —  \Ix 
(nW  m~^  sr~') 

lu 

(MJy/sr) 

Reference 

1.25 

393±13 

0.16±0.005 

1 

2.2 

150±5 

0  11±0.004 

1 

3.5 

63±3 

0  074±0.004 

1 

4.9 

192±7 

0.31±0.01 

1 

12 

2660±310 

10.7±1.2 

1 

25 

2160±330 

18±3 

1 

60 

261±22 

5.2±0.4 

1 

100 

74±10 

2.5T0.3 

1 

140 

57±6 

2.7±0.3 

1 

240 

22±2 

1.8±0.2 

1 

'Hauser  (1996). 
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5.  Tropospheric  scattering 

Prom  earthbound  measturements  of  the  night  sky  bright¬ 
ness  the  contribution  due  to  tropospheric  scattering  (see 
Eq.  (1))  has  to  be  subtracted  in  order  to  determine  its  un¬ 
contaminated  extraterrestrial  intensity  and  polarization. 
The  strongest  contributions  to  scattered  light  come  from 
airglow,  zodiacal  hght  (ZL)  and  integrated  starhght  (ISL) 
-  that  is,  the  correction  to  be  apphed  is  in  part  determined 
by  the  brightness  distribution  of  the  sources  under  study 
themselves.  The  correction  is  of  the  order  of  10  —  100  Sioi 
which  corresponds  to  15%  or  more  of  the  Zodiacal  light, 
and  to  typically  10  —  30%  of  the  ISL.  Due  to  the  lim¬ 
ited  accuracy  to  which  the  correction  can  be  determined, 
it  can  be  apphed  exphcitly  only  to  measurements  aimed 
at  the  determination  of  ZL  and  ISL.  The  weaker  compo¬ 
nents  of  the  night  sky  brightness,  DGL  and  EBL,  must  be 
determined  by  differential  methods. 

Detailed  calculations  on  first  order  Rayleigh-  and  Mie- 
scattering  (including  linear  and  circular  polarization)  in 
the  (spherical)  Earth’s  atmosphere  illuminated  by  a  uni¬ 
form,  unpolarized  source,  by  the  Mhky  Way  and  by  the 
Zodiacal  hght  were  performed  by  Staude  (1975)  for  vari¬ 
ous  values  of  the  optical  thickness  of  the  Rayleigh  and  Mie 
components  of  the  atmosphere,  and  assuming  two  different 
values  for  the  refractive  index  m  of  atmospheric  aerosols 
(m  =  1.33,  as  for  water  vapour,  and  m  =  1.5  —  O.lz,  as  for 
aerosols  in  dry  air).  The  position  and  orientation  of  Milky 
Way  and  Zodiacal  Light  cone  were  varied  independently 
over  the  whole  range  occurring  in  practice.  Some  results 
from  this  study  are  reported  in  the  following. 

S.I.  A  uniform  unpolarized  source  of  unit  brightness 

The  brightness  of  tropospherically  scattered  airglow  can 
be  estimated  using  the  results  obtained  for  a  uniform  un¬ 
polarized  source  of  imit  brightness  (extending  over  the 
entire  visible  sky)  in  the  single  scattering  approximation, 
which  are  given  in  Figs.  13  and  14.  They  give  the  intensity 
of  the  scattered  hght  and  its  polarization  as  a  function  of 
zenith  distance  of  the  observing  direction  zq,  for  different 
values  of  the  zenith  extinction  tr  of  the  Rayleigh  and  tm 
of  the  Mie  component. 


Table  7.  The  correction  factors  for  multiple  scattering  in  a 
Rayleigh  atmosphere  for  different  values  of  the  zenith  extinc¬ 
tion  TR-  See  text  for  details 


tr 

Fms 

/ms 

0.05 

0.10 

0.15 

0.20 

1.12  ±0.04 

1  22  ±  0.06 
1.33  ±  0.06 
1.44  ±  0.07 

0  95  ±  0  05 
0.90  ±  0.05 

0  85  ±  0  05 
0.80  ±  0  05 

Fig.  13.  Intensity  and  polarization  of  the  atmospheric 
tered  light  in  a  pure  Rayleigh  atmosphere,  for  a  source  of 
brightness  and  various  values  of  the  zenith  extinction  tr, 
function  of  zenith  distance  z 


Fig.  14.  Same  as  Fig  13  for  two  pure  Mie  atmospheres 
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Table  8.  Intensity  in  5io  and  polarization  of  scattered  integrated  starlight  for  two  pure  Rayleigh  and  two  pure  Mie  atmospheres 
with  the  given  values  pf  zenith  extinction  tr  and  tm  The  galactic  center  is  assumed  at  the  zenith  (z  =  0),  the  galactic  equator 
crosses  the  horizon  at  A  =  90,  270;  I  and  b  are  galactic  coordinates 


1 

b 

A 

z 

h 

h 

Is 

Ps 

<i> 

l2 

Is 

Ps 

<P 

tr  =  0.10  1 

tr  =  0.20  1 

0 

0 

0 

0 

260  0 

235.3 

4.0 

10.4 

90 

213.0 

8.2 

8.7 

90 

330 

0 

90 

30 

220.8 

196.8 

4.5 

12.9 

90 

175.4 

9.0 

11.4 

90 

333 

14 

120 

30 

112.5 

100.3 

4.4 

11.6 

69 

89.4 

8  9 

10.2 

69 

344 

26 

150 

30 

57.3 

51  1 

44 

83 

41 

45.5 

8.8 

6.9 

43 

360 

30 

180 

30 

52.3 

46.6 

43 

60 

0 

41  6 

8.7 

4.4 

0 

300 

0 

90 

60 

151.9 

124.5 

7.0 

18.3 

90 

102.0 

T3.4 

17.4 

90 

304 

26 

120 

60 

54.1 

44.3 

6.8 

15.9 

82 

36.3 

13.1 

15.4 

82 

319 

49 

150 

60 

36.3 

29.7 

6.5 

9.9 

74 

24.4 

12.5 

10.1 

77 

360 

60 

180 

60 

29.4 

24.1 

6.4 

4.7 

90 

19.7 

12.2 

6.1 

90 

* 

tm  = 

0.05 

1  tm  =  ( 

1.15 

360 

0 

0 

0 

260.0 

247.4 

5.9 

0.6 

90 

223.9 

15.8 

0.5 

90 

330 

0 

90 

30 

220.8 

208.4 

5.8 

0.7 

90 

185.7 

15.4 

0.6 

90 

333 

14 

120 

30 

112.5 

106.2 

4.9 

0.7 

67 

94.7 

13.0 

0.7 

68 

344 

26 

150 

30 

57.3 

54.1 

3.9 

0.6 

40 

48.2 

10.2 

0.6 

42 

360 

30 

180 

30 

52.3 

49.4 

3.5 

0.5 

0 

440 

9.4 

0.4 

0 

300 

0 

90 

60 

151.9 

137  5 

7.2 

1.0 

90 

112.7 

17.4 

1.1 

90 

304 

26 

120 

60 

54.1 

48.9 

5.1 

1.1 

86 

40.1 

12.3 

1.3 

87 

319 

49 

150 

60 

36.3 

32.8 

3.5 

0.9 

86 

26.9 

8.6 

1.1 

88 

360 

60 

180 

60 

29.4 

26.6 

3.0 

0.7 

90 

21.8 

7.4 

1.0 

90 

Table  9.  Same  as  for  Table  8,  but  with  the  Galactic  center  at  A  =  0,  z  =  180 


1 

b 

A 

z 

h 

h 

Is 

Ps 

<l> 

h 

Is 

Ps 

0 

tr  = 

0.10 

TR  = 

0.20 

180 

0 

0 

0 

100.0 

90  5 

28 

9.9 

90 

81.9 

5.6 

8  1 

90 

180 

30 

0 

30 

50.6 

45  1 

3.1 

7.0 

180 

40  2 

6.1 

5.2 

180 

196 

26 

30 

30 

51.9 

46  2 

3.1 

8.0 

144 

41.2 

6.2 

6.5 

142 

207 

14 

60 

30 

67.6 

60.2 

3.1 

9.8 

115 

53.7 

6.2 

8.5 

114 

210 

0 

90 

30 

100.1 

89  2 

3.2 

10.6 

90 

79.5 

6.3 

9.3 

90 

180 

60 

0 

60 

29.0 

23  8 

4.7 

0.6 

180 

19.5 

8.9 

1.5 

90 

221 

49 

30 

60 

35.8 

29  3 

4.8 

5.4 

120 

24.1 

9.1 

5.8 

111 

236 

26 

60 

60 

51.9 

42  5 

5.0 

10.2 

103 

34.9 

9.5 

10.2 

101 

240 

0 

90 

60 

101.8 

83  4 

5.1 

12.1 

90 

68.4 

9.7 

12.0 

90 

tm  = 

=  0.05 

TM  = 

0.15 

180 

0 

0 

0 

100.0 

95  1 

3.0 

0.7 

90 

86.1 

8.0 

0.6 

90 

180 

30 

0 

30 

50.6 

47  7 

2.5 

0.7 

180 

42.5 

6.5 

0.6 

180 

196 

26 

30 

30 

51.9 

49  0 

2.6 

0.7 

148 

43.6 

6.9 

0.6 

146 

207 

14 

60 

30 

67.6 

63  8 

3.0 

0.6 

118 

56  8 

7.9 

0.6 

116 

210 

0 

90 

30 

100.1 

94.5 

3.3 

0.6 

90 

84  3 

8.7 

0.6 

90 

180 

60 

0 

60 

29.0 

26.2 

2.6 

0.2 

180 

21.5 

6.3 

0 

90 

221 

49 

30 

60 

35.8 

32  4 

3.0 

0.2 

129 

26.6 

72 

0.3 

107 

236 

26 

60 

60 

51.9 

47  0 

4.0 

0.5 

101 

38.5 

96 

06 

98 

240 

0 

90 

60 

101  8 

92  1 

5.1 

0.6 

90 

75.5 

12.3 

0.6 

90 
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Table  10.  Intensity  in  Sio  and  polarization  of  tropospherically  scattered  Zodiacal  light.  The  Sun  is  located  at  A  =  90,  z  =  105, 
the  ecliptic  is  perpendicular  to  the  horizon 


e 

A 

z 

h 

h 

/s 

Ps 

laJ 

Is 

Ps 

4> 

— 

m  =  0  10 

I  tr  =  0.20 

105 

0 

0 

0 

158  2 

143.2 

9.5 

32.5 

90 

129.6 

18.5 

27.6 

90 

85 

0 

90 

20 

220.3 

198.1 

10.6 

26.5 

90 

178.2 

20.5 

22.6 

90 

89 

13 

130 

20 

173.1 

155.7 

10.3 

27.8 

48 

140.0 

20.0 

23.5 

48 

105 

20 

180 

20 

133.6 

120.1 

9.9 

31.6 

178 

108.0 

19.1 

26  5 

itV 

125 

0 

270 

20 

138.6 

124.7 

10.0 

33.2 

90 

112  1 

19.3 

28.6 

90 

65 

0 

90 

40 

351.6 

308.7 

13.7 

18.7 

90 

271.0 

25.9 

16.6 

69 

72 

24 

130 

40 

170.2 

149.5 

12.9 

20.2 

46 

131.2 

24.3 

17  1 

47 

105 

40 

180 

40 

102.4 

89.9 

11.4 

29  0 

175 

78  9 

21.6 

23.8 

174 

145 

0 

270 

40 

146.8 

128.9 

12.7 

27  9 

90 

113^2  . 

23.9 

25  1 

90 

45 

0 

90 

60 

865.6 

709.4 

21.4 

13.0 

90 

581.4 

38.5 

12.5 

90 

52 

34 

130 

60 

186.8 

153.1 

19.2 

10.8 

44 

125.5 

34.6 

9.1 

48 

105 

60 

180 

60 

90.5 

74.2 

15.8 

25.9 

171 

60.8 

28.6 

20.5 

170 

165 

0 

270 

60 

164.4 

134.8 

20.0 

20.1 

90 

110.4 

35.9 

19.2 

90 

30 

0 

90 

75 

2200.0 

1504.5 

37.8 

11.3 

90 

1028.9 

61  6 

11.7 

90 

34 

38 

130 

75 

201.4 

137.7 

33  1 

3.0 

45 

94.2 

54.1 

3.1 

66 

105 

75 

180 

75 

78.8 

53.9 

26.4 

23.9 

169 

36.9 

43.3 

18.2 

166 

180 

0 

270 

75 

180.0 

123.1 

36.4 

15.2 

90 

84.2 

59.3 

15.4 

90 

1  tm  =  0.05 

I  TM  =  0.15 

105 

0 

0 

0 

158.2 

150.5 

6.5 

17.6 

90 

136.2 

17.3 

17.3 

90 

85 

0 

90 

20 

220.3 

208  9 

8.9 

18.9 

90 

187.9 

23.4 

18.8 

90 

89 

13 

130 

20 

173.1 

164.2 

7.9 

18.8 

52 

147.6 

20.8 

18.7 

52 

105 

20 

180 

20 

133.6 

126.7 

63 

17.4 

4 

113.9 

16.7 

17.2 

4 

125 

0 

270 

20 

138.6 

131.5 

5.9 

12.8 

90 

118.2 

15.6 

12.7 

90 

65 

0 

90 

40 

351  6 

329.4 

16.0 

17.5 

90 

289  2 

40.4 

17  6 

90 

72 

24 

130 

40 

170.2 

159.5 

10.9 

17.9 

52 

140  0 

27  6 

18  0 

52 

105 

40 

180 

40 

102.4 

95.9 

65 

17.1 

7 

84.2 

16.6 

16.9 

7 

145 

0 

270 

40 

146.8 

137.6 

6.8 

6.7 

90 

120.8 

17.6 

6.7 

90 

45 

0 

90 

60 

865.6 

783.6 

38.4 

14  8 

90 

642.2 

88.6 

15.1 

90 

52 

34 

130 

60 

186.8 

169  1 

17.5 

15.3 

50 

138  6 

40.7 

15.6 

51 

105 

60 

180 

60 

90.5 

81  9 

79 

16.6 

10 

67  1 

18  8 

16.3 

10 

165 

0 

270 

60 

164.4 

148.9 

9.9 

9.0 

90 

122  0 

23.6 

3.1 

90 

30 

0 

90 

75 

2200  0 

1819.3 

92.3 

12  7 

90 

1244.2 

178.9 

13.2 

90 

34 

38 

139 

75 

201.4 

166.5 

29.8 

12.7 

49 

113.9 

59.1 

13.0 

50 

105 

75 

180 

75 

78.8 

65.2 

11.5 

16.0 

12 

44  6 

23  7 

15.5 

12 

180 

lO 

270 

75 

180.0 

148.9 

16.1 

2.1 

90 

101.8 

32.7 

2.5 

90 

The  influence  of  multiple  Rayleigh  scattering  was  es¬ 
timated  using  the  work  of  Dave  (1964)  and  of  de  Bary 
k  Bullrich  (1964),  who  determined  the  higher  order  con¬ 
tributions  to  the  scattered  light  from  a  point  source  in  a 
plane-parallel  atmosphere.  The  derived  correction  factors 
^Ms  =  his/hs  for  the  intensity,  and  /ms  =  Pms/pss  for 
the  depolarization  of  scattered  light  are  given  in  Table  7. 
All  results  for  Rayleigh  scattering  given  in  the  following 
are  corrected  for  multiple  scattering.  For  Mie  scattering, 
de  Bary  (1964)  concludes  that  higher  order  contributions 
are  neghgible  for  scattering  angles  9  <  30°.  Therefore, 
since  the  main  contribution  by  atmospheric  aerosols  to 
the  scattered  Ught  comes  from  regions  with  9  <  30°,  no 


corrections  were  applied  to  the  first  order  results  for  Mie 
scattering. 

5.2.  The  integrated  starlight 

The  integrated  starlight  scattered  in  the  troposphere  was 
calculated  using  an  analytical  model  for  the  extraterres¬ 
trial  brightness  of  the  ISL:  a  two  dimensional  Gauss  distri¬ 
bution  was  fitted  to  the  blue  isophotes  given  by  Elsasser  & 
Haug  (1960).  The  constants  were  adjusted  to  give  a  model 
intensity  =  0,6  =  0)  =  260  5io,/i(f  =  120,6  =  0)  = 
Ii{l  =:  240,6  =  0)  =  100  ^lo,  and  h{l,b  =  ±30)  =:  50 
5io.  At  higher  galactic  latitudes  an  exponential  decrease 
was  assumed,  with  Iiil,  6  =  ±80)  =  20  5io,  following  the 
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Table  11.  Same  as  Table  10,  with  the  Sun  at  A  =  90,  z  =  135 


e 

/3 

A 

z 

h 

h 

Ps 

I2 

Is 

Ps 

<f> 

tr  =  0  10  1 

tr  =  0.20  1 

135 

0 

0 

0 

141  1 

127.7 

6-6 

16  9 

90 

115.6 

13.1 

14.3 

90 

115 

0 

90 

20 

143.2 

128.8 

7.0 

17.8 

90 

115.9 

13.7 

15.3 

90 

119 

13 

130 

20 

128.4 

115.5 

6.9 

17.1 

53 

103.9 

13.6 

14.5 

53 

135 

20 

180 

20 

120.2 

108.1 

6.9 

15.2 

3 

97.3 

13  6 

12.6 

3 

155 

0 

270 

20 

153.6 

138.1 

7.2 

14.7 

90 

124  2 

14.1 

12.6 

90 

95 

0 

90 

40 

183.5 

161.1 

8.4 

17.8 

90 

141.4 

16.2 

16.0 

90 

102 

24 

130 

40 

129.7 

113.9 

8.2 

16.1 

57 

100.0 

15.8 

14.1 

59 

135 

40 

180 

40 

92.9 

81.6 

8.0 

11.8 

7 

71.6 

15.4 

9.1 

8 

175 

0 

270 

40 

176.6 

155.0 

8.8 

13.1 

90 

136.1 

17  0 

11.9 

90 

75 

0 

90 

60 

273.4 

224.1 

12.6 

16.6 

90 

183  6 

23.1 

15.8 

90 

82 

34 

130 

60 

128.5 

105.3 

11.9 

13.6 

63 

86.3 

21.9 

12.8 

66 

135 

60 

180 

60 

90.0 

73.8 

11.1 

7.7 

16 

60.4 

20.5 

5.2 

22 

195 

0 

270 

60 

164.4 

134.8 

13.1 

12.5 

90 

110.4 

24.0 

12.1 

90 

60 

0 

90 

75 

420.0 

287  2 

22.1 

15.3 

90 

196.4 

37  0 

15.3 

90 

64 

36 

130 

75 

137.9 

94.3 

20.6 

11.1 

70 

64.5 

34  5 

11.4 

74 

135 

75 

180 

75 

78.9 

53.9 

18.5 

5.8 

27 

36.9 

31.2 

4.1 

42 

210 

0 

270 

75 

150.0 

102.6 

22.7 

12.9 

90 

70.2 

37  9 

13.1 

90 

1  tm  =  ( 

).05 

1  TM  =  0.15 

135 

0 

0 

0 

141.1 

134.2 

5.4 

8.2 

90 

121.5 

14.4 

8.1 

90 

115 

0 

90 

20 

143.2 

135  8 

5.9 

13.8 

90 

122.2 

15.6 

13.6 

90 

119 

13 

130 

20 

128  4 

121  8 

5.6 

12.8 

57 

109  5 

14.8 

12.6 

57 

135 

20 

180 

20 

120.2 

114  0 

5.2 

8.8 

15 

102  6 

13  9 

8.7 

15 

155 

0 

270 

20 

153.6 

145.6 

5.7 

3.1 

90 

131.0 

15.1 

3.0 

90 

95 

0 

90 

40 

183.5 

171  9 

8.3 

17  3 

90 

151  0 

21  1 

17  3 

90 

102 

24 

130 

40 

129.7 

121.5 

6.9 

16  1 

61 

106.7 

17  6 

19.0 

62 

135 

40 

180 

40 

92.9 

87  1 

5.5 

10.4 

28 

76.5 

14.1 

10.3 

28 

175 

0 

270 

40 

176.6 

165.4 

7.0 

0.9 

90 

145.2 

18.1 

0.9 

90 

75 

0 

90 

60 

273.4 

247.5 

14.9 

18.5 

90 

202.9 

34.8 

18.6 

90 

82 

34 

130 

60 

128.5 

116.3 

10.0 

17.6 

64 

95.4 

23.6 

17.6 

64 

135 

60 

180 

60 

90.0 

81.5 

6.9 

12.5 

38 

66.8 

16.5 

12.3 

38 

195 

0 

270 

60 

164.4 

148.9 

9.6 

0.7 

90 

122  0 

23.0 

0  7 

90 

60 

0 

90 

75 

420.0 

347.3 

29.3 

18.4 

90 

237.5 

57.6 

18.5 

90 

64 

38 

130 

75 

137.9 

114.0 

16.4 

17.5 

65 

78.0 

32.9 

17.6 

65 

135 

75 

180 

75 

78.9 

65  2 

10.1 

13.7 

42 

44.6 

20.8 

13.5 

42 

210 

0 

270 

75 

150.0 

124.0 

14.4 

1  7 

90 

84.8 

29.6 

1  7 

90 

star  coTints  of  Roach  k  Megill  (1961).  The  assumption  of 
such  a  smooth  brightness  distribution  is  safe  even  for  Mie 
scattering,  since  also  in  this  case  scattering  angles  up  to 
6  —  30°  contribute  substantially  to  the  integrated  scat¬ 
tered  hght.  Figure  15  shows  the  intensity  of  the  scattered 
ISL  as  a  function  of  zenith  distance  for  the  case  that  the 
galactic  centre  is  at  the  zenith.  In  Table  8  the  scattered 
intensity  1^,  and  its  degree  and  orientation  of  polarization 
Ps  (in  percent)  and  ©  are  tabulated  for  this  situation  to¬ 
gether  with  the  assumed  source  brightness  Ii  in  the  view¬ 
ing  direction  and  the  transmitted  brightness  I2  weakened 
by  atmospheric  extinction.  In  Table  9  the  same  values  are 


given  for  the  galactic  anticentre  at  the  zenith.  The  refrac¬ 
tive  index  of  the  Mie  particles  is  assumed  to  be  m  =  1.33. 


5.3.  The  Zodiacal  light 

Intensity  and  polarization  of  Zodiacal  light  scattered  in 
the  troposphere  were  calculated  assuming  the  brightness 
distribution  given  by  Dumont  (1965)  at  A  =  5000  A.  For 
the  linear  polarization  the  values  measured  by  Weinberg 
(1964)  at  the  echptic  were  used,  assuming  that  over  the 
whole  sky  the  polarization  is  a  function  of  angular  distance 
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Table  12.  Same  as  Tables  10  cind  11,  with  the  Sun  at  A  =  90,  z  =  180 


e 

0 

A 

z 

h 

h 

Is 

Vs 

_  h 

Is 

Ps 

</> 

Tn  =  0.10  1 

TR  =  C 

.20  1 

180 

0 

0 

0 

180.0 

162.9 

6.0 

5.9 

90 

147.4 

12.0 

4.8 

90 

160 

0 

90 

20 

158.0 

142.1 

6.3 

7.0 

90 

127.8 

12.5 

6.0 

90 

164 

13 

130 

20 

144.5 

129.9 

6.3 

6.0 

57 

116.9 

12.5 

5.0 

58 

180 

20 

180 

20 
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to  the  Sun  (=elongation  e,  see  Sect.  3.5)  alone  (Dumont 
&  Sanchez  Martinez  1966) .  The  polarization  was  assumed 
to  be  perpendicular  to  the  direction  of  the  Sun. 

Figures  16  and  17  show  the  results  for  two  cases,  pure 
Rayleigh-  and  pure  Mie-scattering  (water  vapor),  respec¬ 
tively.  In  Tables  10,  11  and  12  the  results  are  collected  for 
three  different  positions  of  the  Sun  below  the  horizon.  The 
ecliptic  is  assumed  to  be  perpendicular  to  the  horizon.  All 
other  quantities  as  in  Tables  8  and  9. 

6.  Airglow 

The  airglow  emissions  vary  considerably  with  time,  on 
short  (minutes)  and  long  timescales,  mainly  due  to 
changes  in  the  atmosphere  and  in  solar  activity.  They  also 
depend  on  geomagnetic  latitude,  with  a  distinctive  trop¬ 
ical  brightness  enhancement.  The  brightness  values  given 
below  therefore  are  only  indicative  of  the  typical  intensi¬ 
ties.  Many  of  the  airglow  emissions  arise  in  the  ionospheric 
E  layer  at  90  km,  some  in  the  F  region  above  150  km 
(see  Fig.  18),  some,  like  Lya  and  Ha  in  the  Geocorona. 
The  phenomenological  side  of  airglow,  which  is  the  part 
of  interest  for  the  night  sky  brightness,  has  for  the  vi¬ 


sual  region  in  large  part  been  studied  in  the  sixties  and 
seventies,  which  reflects  in  the  list  of  references.  Typical 
brightness  values  of  main  airglow  lines  are  summarised  in 
Table  13. 


6.1.  Airglow  spectrum 
a)  Visual 

Broadfoot  &  Kendall  (1968)  give  the  spectrum  of  the  air¬ 
glow  from  300  nm  to  1  pxa  (see  Fig.  20).  It  is  based  on 
photoelectric  observations  at  Kitt  Peak  near  zenith  and 
within  30°  of  the  galactic  pole  The  spectral  resolution  is 
5  A,  the  scan  step  four  times  smaller.  The  [01]  hues  at 
630  nm  and  636.4  nm  and  also  Ha  are  weaker  than  aver¬ 
age  in  these  observations. 


b)  Ultraviolet 

Ultraviolet  astronomical  observations  mostly  are  taken 
from  above  the  atmosphere  by  rockets  or  satelhtes.  In  this 


Ch.  Leinert  et  al.;  The  1997  reference  of  diffuse  night  sky  brightness 


21 


Fig.  15.  The  intensity  of  the  scattered  integrated  starlight  as 
a  function  of  zenith  distance,  for  different  azimuths  and  zenith 
extincion  values  of  the  Rayleigh  resp.  Mie  components  of  the 
atmosphere.  The  galactic  centre  is  assumed  at  the  zenith,  the 
galactic  equator  crosses  the  horizon  at  A  =  90° ,  270° 


Fig.  16.  The  intensity  of  the  scattered  zodiacal  light  for  a  pure 
Rayleigh  atmosphere  with  optical  thickness  tr  =  0  1.  Position 
of  the  sim  at  azimuth  =  90°  i  zenith  distance  zq  —  105°, 
the  ecliptic  is  perpendicular  to  the  horizon 


Fig.  17.  The  intensity  of  the  scattered  zodiacal  light  for  pure 
Mie  scattering  with  optical  thickness  tm  =  0.1,  for  particles 
with  refractive  index  m  =  1.33.  Otherwise  same  as  for  Fig.  16 


Fig.  18.  A  typical  height  profile  of  alrglow  volume  emission, 
as  measured  from  the  satellite  OGO  II.  The  peak  near  90  km 
is  due  to  OH  emission,  the  extended  peak  at  higher  altitudes 
to  [OI]  emission  at  630  nm.  From  Reed  &  Blamont  (1967) 
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Fig.  19.  Spectra  of  the  nightglow  from  800  A  to  1400  A  at  3  A 
resolution.  The  data  were  obtained  from  the  space  shuttle  at 
an  altitude  of  358  km  on  December  5,  1990.  Two  spectra  are 
shown,  of  which  the  upper  one  was  taken  closer  to  the  dusk 
terminator.  It  therefore  also  shows  011  834  and  Hel  584  (in 
second  order),  which  are  features  belonging  to  the  dayglow. 
The  zenith  distance  was  w  85°  and  «  90°  for  the  upper  and 
lower  spectrum,  respectively.  Lya  is  a  geocoronal  line.  The 
continuum  at  911  A  is  due  to  O"*"  recombination  to  the  ground 
state.  From  Feldman  et  al.  (1992) 


context  it  is  relevant  to  know  the  airglow  as  seen  from  such 
spacecraft  positions.  Results  obtained  at  typical  altitudes 
are  shown  in  Figs.  19  and  21.  The  strength  of  the  main 
emission  lines  is  also  summarised  in  Table  13.  For  the  OI 
130.4  nm  and  135.6  nm  lines  enhanced  values  observed  in 
the  tropical  airglow  (Barth  &  Schaffner  1976)  are  given.  At 
mid  latitudes  they  are  less  intense  by  about  one  order  of 
magnitude.  Apart  from  the  main  emission  lines  shown  in 
Fig.  19,  the  ultraviolet  region  between  850  A  and  1400  A 
is  thought  to  be  free  of  nightglow.eraission. 


The  viewing  line  of  spacecraft  on  the  night  side  of 
the  atmosphere  may  cross  the  terminator  and  continue 
through  the  sunlit  parts  of  the  atmosphere.  Under  these 
twilight  conditions,  dayglow  features  become  important. 
E.g.  the  NO  7  bands  then  are  excited  by  resonance  fluo¬ 
rescence  and  then  are  much  stronger,  the  N2  Lyman-Birge- 
Hopfield  bands  are  clearly  visible,  and  the  forbidden  [Oil] 
emission  at  247  nm  is  strong.  Figure  22  shows  ultraviolet 
airglow  emission  observed  under  such  conditions.  An  ex¬ 
cellent  review  on  observations  and  modelling  of  both  day- 
glow  and  nightglow  ultraviolet  emissions  has  been  given 
by  Meier  (1991). 


c)  Near  infrared 

Prom  1  /xm  to  3  /rm,  OH  in  a  layer  around  90  km  height 
dominates  the  airglow  emission.  There  is  a  gap  in  the  OH 
spectrum  around  2.4  fxra  (see  Fig.  27)  which  is  important 
for  balloon  observations  and  also  for  the  low  background 
observations  possible  from  Antarctica  (see  Sect.  4.3).  Seen 
from  the  ground,  longward  of  2.5  fj,  airglow  is  only  a 
small  addition  to  the  thermal  emission  from  the  tropo¬ 
sphere  (compare  Fig.  11  in  Sect.  4  aboi^e).  Figxrres  25  and 
26  show  the  near-infrared  OH  spectrum  at  two  resolu¬ 
tions,  once  with  a  low  spectral  resolution  of  AA  —  160  A, 
and  once  with  a  higher  resolution  of  A/AA  =  250  —  800. 
Wavelength  lists  and  intensities  for  the  individual  OH 
bands  can  be  found  in  Ramsay  et  al.  (1992)  and  Oliva 
&  Origlia  (1992).  Obviously,  the  near- infrared  airglow  is 
dominated  by  the  OH  bands.  They  primarily  also  de¬ 
termine  the  night  sky  brightness  in  the  J  (1.2  ^m)  and 
H  (1.6  /im)  bands  (Fig.  11,  Sect.  4.3). 

6.2.  Dependence  on  zenith  distance 

In  absence  of  atmospheric  extinction,  a  thin  homoge¬ 
neously  emitting  layer  at  height  h  above  the  Earth’s 
surface  shows  a  brightness  increase  towards  the  horizon, 
which  is  given  by  the  so-caUed  van  Rhijn  function 

J(z)/J(zenith)  =  -  ■  -7 '  ^  -rr ,  (13) 

y  1  —  [R/ [R  +  h)]2  sin^  z 

where  R  =  6378  km  is  the  radius  of  the  earth.  E.g  , 
for  h  =  100  km  [/(z)//(0)]max  =  5.7  results  (Roach  & 
Meinel  1955).  This  situation  typically  applies  for  balloon 
experiments.  Figure  23  shows  an  example.  For  observa¬ 
tions  from  the  ground,  extinction  and  scattering  change 
the  behaviour  in  particular  for  zenith  distances  >  40°. 
Around  A  =  500  nm  —  600  nm  a  maximum  airglow  in¬ 
crease  by  about  a  factor  of  about  four  may  be  expected 
at  z  =  75°  —  80°,  with  the  brightness  decreasing  again 
towards  the  horizon  (see  Fig.  24  for  an  observation  and 
Roach  &  Meinel  (1955)  for  a  selection  of  predicted  pro¬ 
files).  For  shorter  wavelengths,  with  stronger  scattering 
and  extinction,  this  decrease  starts  already  at  higher  ele¬ 
vations.  However,  appropriate  models  (based  on  realistic 
assumptions,  including  multiple  scattering  in  a  spherical 
atmosphere  and  going  down  to  the  horizon)  to  account 
for  the  observed  brightness  profiles  from  the  zenith  to  the 
horizon  have  not  yet  been  calculated.  The  results  given  in 
Sect.  5  do  not  claim  to  be  accurate  near  the  horizon. 

6.3.  Variations 

Airglow  emission  is  often  patchy  and  varying  in  bright¬ 
ness  and  spatial  distribution  with  time.  Roach  &  Gordon 
(1973)  demonstrate  this  by  showing  airglow  maps  in  time 
steps  of  15  minutes  on  the  right  upper  corner  of  odd  pages. 
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Table  13.  Typical  zenith  brightness  of  nightglow  emissions“ 


Source 

Wavelength 

Height  of 
emitting  layer 

Intensity^ 

Ly/3 

102.6  nm 

geocorona 

«10  R 

Lya 

121.6  nm 

geocorona 

3  kR(night)  —  34  kR(day) 

OI 

130  4  nm 

250  -300  km 

w40  R  (in  tropical  airglow) 

OI 

135.6  nm 

250  -  300  km 

«30  R  (in  tropical  airglow) 

O2  (Herzberg  bands) 

300  nm  —  400  nm 

90  km 

0.8  R/A 

[OI] 

557  7  nm 

90  km 

250  R 

NaD 

589.0  nm,  589.6  nm 

SS92  km 

30  R  (summer) 
to  100  R  (winter) 

[OI] 

630.0  nm 

250  -  300  km 

60  R 

[OI] 

636.4  nm 

250  -  300  km 

20  R 

Hq 

656.3  nm 

geocorona 

4-6  R  (night) 

pseudocontinuum 

400  nm  —  700  nm 

90  km 

0.3  R/A 

O2 

864.5  nm 

«80  km 

1  kR 

OH 

600  nm  —  4.5 

85  km 

4.5  MR(all  bands) 

“after  Chamberlain  (1961),  Roach  (1964),  Roach  &  Gordon  (1973),  Meier  (1991);  see  also  the  references  in  the  sections  on 
geocorona  and  ultraviolet  airglow. 

’’transformed  to  zenith,  where  necessary. 


Wavelength  (S)  Wavelength  (X) 


Fig.  21.  Left:  Spectrum  of  the  nightglow  from  1250  A  to  1700  A  at  17  A  resolution  The  data  were  obtained  from  the  space 
shuttle  at  a  height  of  330  km  in  January  1986  at  minimum  solax  activity  The  oxygen  01  lines  at  1304  A  and  1356  A  are  the 
brightest  features.  For  the  weakly  visible  Lyman-Birge-Hopfield  bands  the  dashed  curve  shows  a  predicted  spectrum.  Right: 
Spectrum  of  the  ultraviolet  nightglow  from  170  nm  to  310  nm  at  29  A  resolution  obtained  on  the  same  flight.  The  solid  line 
shows  an  appropriately  scaled  solar  sp.ectrum  and  is  assumed  to  show  the  contribution  to  zodiacal  light.  From  Morrison  et  al. 


(1992) 

thus  enabling  a  “thumb-cinema”  look  at  these  spatio- 
temporal  variations.  Quantitative  examples  for  variation 
during  one  night  or  variation  with  solar  cycle  can  be  seen 
in  Figs.  8  and  10  in  Sect.  4.  Often  a  systematic  decrease 
of  airglow  emission  dining  the  course  of  the  night  is  ob¬ 
served,  explained  as  result  of  the  energy  stored  during  day 
in  the  respective  atmospheric  layers. 

Figure  29  shows  this  for  the  OH  emissions  and  also 
gives  an  example  for  the  wavelike  structures  often  appar¬ 
ent  in  these  emissions. 


These  examples  do  not  give  at  all  a  full  overview  on 
airglow  variability  but  just  demonstrate  that  it  is  a  typical 
property  of  this  source  of  night  sky  brightness. 

In  the  visual  spectral  region,  correlations  between  the 
prominent  [OI]  and  NaD  airglow  emission  lines  and  “pseu¬ 
docontinuum”  bands  at  367  nm,  440  nm,  526  rim,  558  nm, 
634  nm  and  670  nm  have  been  studied  by  Barbier  (1956) 
who  established  three  “covariance  groups”.  E.g.,  the  cor¬ 
relation  between  the  557.7  nm  line  and  the  “pseudocon¬ 
tinuum”  at  502  nm  has  been  used  by  Dumont  (1965)  to 
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Fig.  22.  Ultraviolet  twilight  airglow  spectrum,  as  observed  during  a  rocket  flight  on  September  24,  1979.  Left:  from  1200  A  to 
1500  A  at  20  A  resolution.  Lya  is  at  left.  “LBH”  refers  to  the  Lyman-Birge-Hopfield  bands.  These  observations  were  done  in 
the  height  range  100  km  —  200  km.  -  Right:  Prom  170  nm  to  310  nm  at  25  A  resolution.  The  dotted  line  shows  the  zodiacal 
light  contribution.  These  observations  refer  to  rocket  heights  of  170  km  —  246  km.  -  The  field  of  view  of  the  experiment  was 
oriented  23°  from  the  sun  and  essentially  in  the  horizontal  plane  (0.2°  elevation).  For  conversion  to  absolute  fluxes,  a  solid  line 
is  given  with  both  parts  of  the  figure.  It  indicates  which  signal  would  be  produced  at  each  wavelength  by  a  monochromatic 
source  of  a  given  brightness  (100  R  for  the  short-wavelength  part,  18  R  for  the  longer  wavelengths).  For  continuum  emission 
this  would  correspond  to  5  0  R/A  and  0.72  R/A,  respectively.  Prom  Cebula  &  Feldman  (1982,  1984)  -. 


eievation  angle  [  degree  ] 


Fig.  23.  Increase  of  airglow  brightness  at  2.1  fim  towards  the 
horizon  observed  from  a  balloon  at  30  km  altitude  on  October 
23,  1972.  Dots  represent  the  measurements,  the  line  gives  the 
van  Rhijn  function  for  a  height  of  the  emitting  layer  of  92  km. 
From  Hofmann  et  al.  (1977) 


eliminate  the  airglow  contribution  from  his  zodiacal  light 
measmements.  Sometimes  such  correlations  can  be  quite 
tight  (see  Fig.  28). 


ZENITH  DISTANCE  I“1 


Fig.  24.  Zenith  angle  dependence  of  sky  brightness  observed 
at  530  nm  from  Mt  Haleakala,  Hawaii  (Kwon  et  al.  1991). 
The  points  represent  an  average  normalised  profile.  The  thin 
lines  are  the  curves  predicted  by  Barbier  in  1944  for  heights 
of  the  airglow  emitting  layer  of  50  km  (higher  maximum)  and 
200  km,  respectively.  The  solid  line  fitting  the  data  is  an  ad-hoc 
modification  of  Barbier’s  formula 

6-4-  Geocorona 

Above  1000  km,  the  earths  atmosphere  changes  to  a  com¬ 
position  of  mainly  neutral  hydrogen  with  some  ionised  he¬ 
lium,  the  density  falling  off  gradually  over  a  few  earth 
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Fig.  25.  Near-infrared  airglow  spectrum  as  seen  from  the  ground  at  160  A  resolution  (for  \  >  1.2  pm)  The  OH  bands  mainly 
contributing  to  the  emission  have  been  identified  in  the  figure,  “differential”  simply  means  “per  micron”.  From  Harrison  & 
Kendall  (1973) 
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Fig.  26.  Near-infrared  airglow  spectrum  as  observed  from  Mauna  Kea  at  spectral  resolution  A/AA  =  250  —  800.  In  regions  with 
atmospheric  transmission  <  0.75  the  flux  has  been  arbitrarily  set  to  zero  Longward  of  2  1  /rm  thermal  atmospheric  emission 
takes  over.  Note  that  1000  of  the  units  used  correspond  to  6.77  10"®,  5.11  10"®,  and  3.84  10"®  W/m^  sr/rm  at  1.25  ;um,  1.65  ^m 
and  2.2  ^m,  respectively.  Prom  Ramsay  et  al.  (1992) 
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Fig.  29.  Variation  of  OH  airglow,  observed  from  Manna  Kea.  Left:  Short  term  variations  (minutes)  caused  by  the  passage 
of  wavelike  structures.  Right:  Decrease  of  OH  airglow  during  the  course  of  a  night,  shown  for  several  bands  separately.  From 
Ramsay  et  al.  (1992) 
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Fig.  28.  Correlation  between  the  diffuse  sky  emission  at  467 
nm  (Stromgren  6)  and  at  A  =  525  nm.  The  brightness  varia¬ 
tions  in  both  bands  are  mainly  due  to  airglow.  From  Leinert 
et  al.  (1995) 


Fig.  27.  Spectral  distribution  of  near-infrared  zenith  airglow 
showing  the  gap  in  airglow  emission  around  2.4  pm.  The  air¬ 
glow  measurements  have  been  performed  from  a  balloon  at 
30  km  altitude  during  flights  in  1972  and  1974.  Variations  from 
flight  to  flight  and  during  one  night  were  less  than  a  factor  of 
two.  From  Hofmann  et  al.  (1977) 


radii.  Two  telling  images  of  the  geocorona  in  Lya,  includ¬ 
ing  the  globe  of  the  earth,  are  shown  by  Frank  et  al.  (1985, 
see  p.  63).  This  geocorona  is  optically  thick  to  the  solar 
Lyman  lines.  T)rpical  intensities  of  the  emissions  observed 
from  ground  (in  the  visual)  or  from  earth  orbit  are  given 
in  Table  13,  with  the  data  taken  from  Caulet  et  al.  (1994) 
and  Raurden  et  al.  (1986)  for  Lya,  Meier  et  al.  (1977)  for 
Ly/3,  Levasseur  et  al  (1976)  for  Ha. 
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HYDROGEN  La  ISOPHOTES  (RAYLEIGHS) 


HELIUM  ISOPHOTES  (RAYLEIGHS) 


Fig.  30.  Interplanetary  emission  in  the  Lya  (left)  and  He  584  A  lines  (right)  observed  by  the  Mariner  10  UV  spectrometer 
(Broadfoot  &  Kumar  1978).  The  observations  were  performed  on  January  28,  1974,  while  the  spacecraft  was  at  a  heliocentric 
distance  of  0.76  AU  and  ps  60°  from  the  apex-Sun  axis.  The  brightness  units  are  Rayleighs.  From  Thomas  (1978) 


6.5.  Interplanetary  emissions 

Solar  radiation  is  scattered  by  neutral  interstellar  gas 
atoms  which  are  coming  from  the  solar  apex  direction  and 
are  pervading  the  solar  system  until  ionized.  The  emitting 
region  is  a  sort  of  cone  around  the  apex-Sun  line.  The 
observed  emission  depends  on  the  position  of  a  space¬ 
craft  with  respect  to  this  cone  (see,  e.g.  the  review  by 
Thomas  1978).  Typical  patterns  observed  for  the  Lya  and 
He  584  A  lines  are  shown  in  Fig.  30. 


6.6.  Shuttle  glow 

Depending  on  altitude  and  solar  activity,  satellites  pro¬ 
duce  additional  light  emissions  by  interaction  with  the 
upper  atmosphere  {Shuttle  glow).  Photometric  measure¬ 
ments  thus  may  be  affected.  These  light  phenomena  are 
relatively  strong  in  the  red  and  near-infrared  spectral  re¬ 
gions,  but  are  noticeable  towards  the  ultraviolet  as  well. 

For  instance,  during  the  Spacelab  1  mission  the  emis¬ 
sions  of  the  N2  Lyman-Birge-Hopfield  bands  were  found  to 
be  in  the  range  of  10  —  50  R/A  (Torr  et  al.  1985).  These  ob¬ 
servations  at  250  km  altitude  were  performed  under  con¬ 
ditions  of  moderate  solar  activity.  During  minimum  solar 
activity  and  at  330  km,  Morrison  et  al.  (1992)  observed  no 
such  emissions.  The  GAUSS  camera  onboard  the  German 
Spacelab  mission  D2  (296  km,  moderate  solar  activity)  ob¬ 
served  a  patchy  glow  with  «  0  —  3  10~®  W  m-^sr^^nm”^ 
at  210  run  (Schmidtobreick  1997).  Taking  into  account  the 
appropriate  conversion  factor,  the  observed  glow  intensity 
amounts  to  about  0.4  R/A  in  its  brightest  parts.  Although 


these  three  observations  were  made  at  somewhat  different 
wavelengths,  the  overall  increase  of  emission  intensity  I 
with  surrounding  air  density  p  is  in  agreement  with  an 
I  ^  p^  law. 


Table  14.  The  strongest  artficial  emission  lines  in  the  night 
sky  spectrum  between  3600—8200  A.  The  most  intense  features 
are  shown  in  boldface 


Line 

Sources 

Hg  I  3650 

Hg  lighting 

Hg  I  3663 

Hg  lighting 

Hg  I  4047 

Hg  lighting 

Hg  I  4078 

Hg  lighting 

Hg  I  4358 

Hg  lighting 

Na  I  4665,  4669 

HPS 

Na  I  4748,  4752 

HPS 

Na  I  4978,  4983 

HPS 

Na  I  5149,  5153 

HPS 

Hg  I  5461 

Hg  lighting 

Na  I  5683,  5688 

HPS,  LPS 

Hg  I  5770 

Hg  lighting 

Hg  I  5791 

Hg  lighting 

Na  I  5890,  5896 

HPS,  LPS,  airglow 

Na  I  5700  -  6100 

HPS 

(wings) 

Na  I  6154,  6161 

HPS,  LPS 

K  I  7665 

HPS,  LPS 

K  I  7699 

HPS,  LPS 

Nal  8183 

HPS,  LPS 

Na  I  8195 

HPS,  LPS 
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7.  Light  pollution 

Artificial  lighting  at  earth  contributes  via  tropospheric 
scattering  to  the  night  sky  brightness  over  a  large  area 
around  the  soxuce  of  light.  Both  a  continuous  component 
as  well  as  distinct  emission  hnes  are  present  in  the  light 
pollution  spectrum.  A  recent  review  of  sky  pollution  is 
given  in  McNally  (1994). 


7.1.  Observations  of  sky  pollution 

Systematic  broad-band  observations  of  the  sky  pollution 
light  near  cities  have  been  carried  out  by  Bertiau  et  al. 
(1973)  in  Italy,  Berry  (1976)  in  Canada  &  Walker  (1970, 
1977)  in  California.  Berry  showed  that  there  is  a  relation¬ 
ship  between  the  population  of  a  city  and  the  zenith  sky 
brightness  as  observed  in  or  near  to  the  city.  Walker  inter¬ 
preted  his  extensive  observations  by  deriving  the  following 
relationships;  (1)  between  the  population  and  luminosity 
of  a  city;  (2)  the  sky  brightness  as  a  function  of  distance 
from  the  city;  and  (3)  between  the  population  and  the 
distance  from  a  city  for  a  given  sky  pollution  light  contri¬ 
bution.  The  last  two  relationships  are  shown  in  Figs.  31 
aud  32.  These  figures  can  be  utihzed  to  derive  an  estimate 
for  the  sky  pollution  at  45  deg  altitude  caused  by  a  city 
with  2000  —  4  milhon  population  and  with  a  similar  street 
lighting  power  per  head  as  Cahfornia.  Starting  with  the 
city  population  Fig.  31  gives  the  distance  at  which  the 
artificial  lighting  contribution  increases  the  natural  sky 
brightness  by  20%  (0.2  mag/Q").  With  this  distance  one 
can  enter  Fig.  32  and  obtain  a  scaUng  for  the  (arbitrary) 
intensity  axis  of  this  figure.  Thus  the  artificially  caused 
sky  brightness  at  45  deg  altitude  at  6  —  200  km  distance 
from  the  city  can  be  estimated  from  this  figtrre. 


7.2.  Modelling  of  sky  pollution 

Treanor  (1973)  and  Bertiau  et  al.  (1973)  have  used  an 
empirical  formula,  based  on  a  simphfied  model  of  the  tro¬ 
pospheric  scattering,  to  fit  the  sky  pollution  observations 
near  cities.  Garstang  (1986,  1989a, b,  1991)  has  used  radia¬ 
tive  transfer  models  including  1st  and  2nd  order  Rayleigh 
and  aerosol  scattering,  effects  of  ground  albedo  and  cin:- 
vature  of  the  earth’s  surface,  and  the  areal  distribution  of 
the  light  source  to  calculate  the  sky  pollution  fight  inten¬ 
sity.  He  has  compared  and  scaled  his  model  results  against 
the  above  mentioned  observational  results.  Garstang’s  fit¬ 
ted  models  are  shown  in  Figs.  31  and  32.  superimposed 
on  the  observational  points  of  Walker  (1977)  Garstang 
(1986,  1989a,b)  gives  also  the  calculated  zenith  distance 
dependence  of  the  sky  pollution  fight  intensity  both  to¬ 
wards  and  away  from  the  source  of  fight.  These  results 
are  reproduced  in  Fig.  33 


LOG  (distance  in  km) 


Fig.  31.  Variation  with  city  population  of  the  distance  at 
which  the  lights  of  a  city  produce  an  artificial  increase  of 
the  night  sky  brightness  at  45  deg  altitude  toward  the  city 
by  0.20  mag.  This  increase  refers  to  an  assumed  natural  sky 
brightness  of  V  =  21.9  mag/O".  Observations  by  Walker 
(1977)  axe  indicated  by  dots.  Two  models  by  Garstang  (1986) 
are  shown  as  solid  lines.  A  is  a  measure  for  the  relative  impor¬ 
tance  of  aerosols  for  scattering  light.  The  uppermost  dot  refers 
to  Los  Angeles  County,  the  cross  below  it  to  Los  Angeles  City. 
From  Garstang  (1986) 


7.3.  Spectrum  of  the  sky  pollution  light 

The  emission  fine  spectra  of  the  different  types  of  street 
lamps  are  visible  in  the  night  sky  light  even  at  good  ob¬ 
servatory  sites,  such  as  Kitt  Peak  in  Arizona.  While  the 
most  commonly  used  street  lamps  until  the  1970’s  were 
filled  with  Hg  there  has  been  since  then  a  general  change 
over  to  sodium  lamps,  both  of  the  high  pressure  (HPS) 
and  low  pressure  sodium  (LPS)  types.  The  most  impor¬ 
tant  sky  pollution  fines  are  given  in  Table  14  according  to 
Osterbrock  et  al.  (1976),  Osterbrock  &  Martel  (1992)  and 
Massey  et  al.  (1990).  At  good  sites  (e.g.  Kitt  Peak),  the 
strongest  pollution  fines  are  about  a  factor  of  two  weaker 
than  the  strongest  airglow  lines  The  opposite  is  true  for 
strongly  contaminated  sites  (e.g.  Mt  Hamilton).  Whereas 
the  pollution  fines  are  normally  restricted  to  a  relatively 
narrow  wavelenth  range  the  Na  D  fine  wings  produced 
by  the  HPS  lamps  are  extremely  broad,  extending  over 
5700  —  6100  A.  Thus  the  LPS  lamps  are  highly  preferable 
over  the  HPS  ones  from  the  astronomer’s  point  of  view. 

Other  studies  of  the  night  sky  spectrum,  including  the 
artificial  pollution  fines,  have  been  presented  by  Broadfoot 
&  Kendall  (1968)  for  Kitt  Peak,  Turnrose  (1974)  for  Mt. 
Palomar  and  Mt.  Wilson,  and  Louistisserand  et  al.  (1987) 
for  Pic  du  Midi. 


Ch.  Leinert  et  al.;  The  1997  reference  of  diffuse  night  sky  brightness 


33 


Fig.  33.  Zenith  distance  dependence  of  sky  pollution  light  ac¬ 
cording  to  the  model  calculations  of  Garstang  (1986).  Results 
are  for  sky  pollution  due  to  Denver  as  seen  from  a  distance 
of  40  km  in  the  vertical  plane  containing  the  observer  and  the 
center  of  Denver.  Curve  1;  sky  background;  Curve  2:  Denver 
only;  Curve  3:  Denver  and  sky  background.  Negative  zenith 
distances  are  away  from  Denver.  From  Garstang  (1986) 


Fig.  32.  Variation  with  distance  from  the  city  of  the  sky 
brightness  at  45  deg  altitude  in  the  direction  of  the  city  The 
dots  indicate  observations  in  V  band  by  Walker  (1977)  near 
the  city  of  Salinas.  The  solid  curves  are  according  to  mod¬ 
els  by  Garstang  (1986).  The  brightness  ratio  is  defined  as 

b(Saiinas  at  +45°)-6(Saiinas  at  -45°)  ^jj'ere  b  =  sky  brightness. 
b{sky  background  only  at  +45®)  ’ 

Zenith  distance  4-45°  is  towards  and  -45°  away  from  the  city. 
The  solid  curves  are  according  to  models  by  Garstang  (1986) 
Curve  1:  Lo  =  986  lumens  per  head,  K  =  0.43,  F  =  11%. 
Curve  2;  Lo  =  1000  lumens  per  head,  K  —  0.5,  F  =  10%.  Lo  is 
the  artificial  lighting  in  lumens  produced  per  head  of  the  pop¬ 
ulation.  K  is  a,  measure  for  the  relative  importance  of  aerosols 
for  scattering  light.  F:  a  fraction  F  of  the  light  produced  by 
the  city  is  radiated  directly  into  the  sky  at  angles  above  the 
horizontal  plane,  and  the  remainder  (1  — F)  is  radiated  toward 
the  ground.  The  dashed  line  is  the  relation  ~  Z?  ^  ® .  From 
Garstang  (1986) 


8.  Zodiacal  light 

8.1.  Overview  and  general  remarks 

The  zodiacal  light  in  the  ultraviolet,  visual  and  near- 
infrared  region  is  due  to  sunlight  scattered  by  the  inter¬ 
planetary  dust  particles  In  the  mid-  and  far-infrared  it 
is  dominated  by  the  thermal  emission  of  those  particles 
Zodiacal  light  brightness  is  a  function  of  viewing  direction 
(A  -  A©,  P),  wavelength,  heliocentric  distance  (i?)  and 
position  of  the  observer  relative  to  the  symmetry  plane 
of  interplanetary  dust.  Its  brightness  does  not  vary  with 


Fig.  34.  Comparison  of  zodiacal  light  measurements  along  the 
bands  of  constant  ecliptic  latitude  /3  =  16.2°  and  /?  =  31  0°  ob¬ 
served  by  Helios  A  and  B.  The  ground-based  measurements  of 
Levasseur-Regourd  &  Dumont  (1980)  at  Aeff  =  502  nm  have 
been  linearly  interpolated  to  these  latitude  values  The  Helios 
measurements  at  B  and  V  (Leinert  et  al.  1981)  have  been  lin¬ 
early  interpolated  to  Aeft  =  502  nm.  The  Pioneer  measurements 
(Toller  &  Weinberg  1985)  have  been  extrapolated  from  blue  to 
502  nm  with  the  values  applicable  for  Helios  and  from  (5  = 
10°  to  P  =  16°  according  to  the  table  of  Levasseur-Regourd  & 
Dumont  (1980)  For  definition  of  the  510©  unit  see  Sect.  2 
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solar  cycle  to  within  1%  or  at  most  a  few  percent  (Dumont 
&  Levasseur-Regourd  1978;  Leinert  &  Pitz  1989),  except 
for  subtle  effects  associated  with  the  scattering  of  sunlight 
on  the  electrons  of  the  interplanetary  plasma  (Richter  et 
al.  1982).  However,  seasonal  variations  occur  because  of 
the  motion  of  the  observer  in  heliocentric  distance  and 
with  respect  to  the  symmetry  plane  of  interplanetary  dust 
cloud  (by  the  annual  motion  of  the  earth  or  the  orbital 
motion  of  the  space  probe).  The  colour  of  the  zodiacal 
light  is  similar  to  solar  colour  from  0.2  /zm  to  2  /zm, 
with  a  moderate  amount  of  reddening  with  respect  to  the 
sun  (see  Fig.  39)  Beyond  these  wavelengths,  the  thermal 
emission  of  interplanetary  dust  gradually  takes  over,  the 
emission  being  about  equal  to  the  scattering  part  at  3.5 
/zm  (Berriman  et  al.  1994).  In  general  the  zodiacal  light 
is  smoothly  distributed,  small-scale  structures  appearing 
only  at  the  level  of  a  few  percent. 

At  present,  the  overall  brightness  distribution  and  po¬ 
larisation  of  zodiacal  light  have  been  most  completely, 
with  the  largest  sky  coverage  determined  in  the  visual. 
The  infrared  maps  obtained  by  the  DIRBE  experiment 
on  satellite  CODE  (see  Sect.  8.5)  from  1.25  /im  to  240  pm 
provide  excellent  data,  with  relative  accuracies  of  1%  to 
2%  at  least  for  the  wavelengths  between  1.25  pm  and 
100  pm  Their  absolute  accuracy  is  estimated  to  «5% 
for  wavelengths  <12  pm  and  «10%  for  the  longer  wave¬ 
lengths.  But  these  maps  are  limited  to  the  range  in  solar 
elongations  of  e  =  94°  ±  30° .  An  impression  of  the  accu¬ 
racy  achieved  in  the  visual  is  obtained  by  comparing  the 
best  available  ground-based  map  (Levasseur-Regourd  & 
Dumont  1980)  with  space  probe  results  from  Pioneer  10 
(Toller  &  Weinberg  1985)  and  Helios  A/B  (Leinert  et  al. 
1982)  in  Fig.  34.  Among  these,  e.g.  the  calibration  of  the 
Helios  zodiacal  light  photometers  was  extensive  enough  to 
predict  before  launch  the  count  rates  for  bright  stars  ob¬ 
served  in  flight  to  within  a  few  percent,  and  to  propose  the 
same  correction  to  solar  U  —  B  and  B—V  colours  (Leinert 
et  al.  1981)  as  the  dedicated  solar  measurements  of  Tiig 
&  Schmidt-Kaler  (1982).  However  the  deviation  between 
the  three  zodiacal  light  data  sets  is  larger  than  suggested 
by  this  precision,  typically  10%,  and  up  to  20%.  The  de¬ 
viation  appears  to  be  more  systematic  than  statistical  in 
nature.  We  conclude  that  the  zodiacal  light  in  the  visual 
is  known  to  an  accuracy  of  10%  at  best,  about  half  of 
which  uncertainty  is  due  to  multiplicative  errors  like  cal¬ 
ibration  (including  the  definition  of  what  a  V  =  10  mag 
solar  analog  G2V  star  exactly  looks  like). 

In  the  ultraviolet,  the  maps  of  zodiacal  light  brightness 
and  polarisation  are  less  complete  than  in  the  visual,  and 
the  calibration  is  more  difficult.  In  lack  of  convincingly 
better  information,  we  assume  the  overall  distribution  of 
zodiacal  light  brightness  at  these  wavelengths  to  be  the 
same  as  in  the  visual.  This,  of  course,  is  only  a  conve¬ 
nient  approximation  to  hardly  better  than  w20%.  Figures 
35  and  36  show  that  this  assumption  nevertheless  gives  a 
reasonable  description  of  the  IRAS  zodiacal  light  measure¬ 


ments  at  elongation  e  =  90°  (Vrtilek  &  Hauser  1995)  and 
an  acceptable  approximation  to  the  10.9  /am  and  20.9  jam 
rocket  measurements  of  Murdock  &  Price  (1985)  along 
the  ecliptic  over  most  of  the  elongation  range.  Therefore, 
in  the  infrared,  it  also  may  be  used  in  those  areas  where 
direct  infrared  measurements  are  not  available. 


Fig.  35.  Comparison  of  the  out-of-ecliptic  decrease  of  zodia¬ 
cal  light  brightness  at  elongation  90°  as  measured  from  ground 
at  502  nm  (Levasseur-Regourd  &  Dumont  1980)  and  by  IRAS 
(Vrtilek  &  Hauser  1995).  The  IRAS  measurements  are  repre¬ 
sented  here  by  their  annual  average.  The  squares  give  the  aver¬ 
age  of  the  profiles  at  12  pm,  25  pm  and  60  pm,  the  bars  given 
with  the  IRAS  measurements  show  the  range  covered  by  the 
profiles  at  the  different  wavelengths,  with  the  measurements  at 
60  pm  delineating  the  lower  and  the  measurements  at  12  pm 
the  upper  envelope 

In  this  spirit,  we  now  want  to  give  the  reader  the  in¬ 
formation  necessary  to  get  the  mentioned  estimates  of  zo¬ 
diacal  light  brightness  on  the  basis  of  the  brightness  table 
for  visual  wavelengths.  To  this  end  we  write  the  observed 
zodiacal  light  brightness  Izl  for  a  given  viewing  direction, 
position  of  the  observer  and  wavelength  of  observation 
in  acceptable  approximation  (i.e  more  or  less  compatible 
with  the  uncertainties  of  the  results)  as  a  product 

-fzL  —  /h  ■  .I(A  -  Aq,^)  •  /abs  fco  fsp  (14) 

[5100.  respectively  W  sr~^m“^  or  MJy/sr] 

where 

-  J(A  —  Aq,,0)  is  the  map  of  zodiacal  light  brightness  in 
the  visual  for  a  position  in  the  symmetry  plane  at  1 
AU  (Table  16,  resp.  Table  17), 
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Fig.  36.  Comparison  of  zodiacal  light  brightness  profile  along 
the  ecliptic  as  measured  by  Levasseur-Regourd  &  Dumont 
(1980)  at  502  nm  and  by  a  rocket  flight  (Murdock  &  Price 
1985)  at  10.9  /rm  and  20.9  /rm.  The  rocket  data  for  the  two 
wavelength  bands  have  been  averaged  and  normalised  to  the 
ground-based  measurements  at  an  elongation  of  60° .  For  defi¬ 
nition  of  the  510©  unit  see  Sect.  2 


—  /abs  transforms  from  500  mn  to  the  wavelength  depen¬ 
dent  absolute  brightness  level  of  the  map. 

~  fco  gives  the  differential  wavelength  dependence  (i.e. 
the  colour  with  respect  to  a  solar  spectrum),  including 
a  colour  dependent  correction  of  the  map.  This  factor  is 
applicable  from  0.25  /rm  to  2.5  /xm  when  the  brightness 
is  wanted  in  ^lO©  units,  starting  from  the  value  at 
500  nm  (Table  16). 

—  /sp  describes  the  influence  of  the  position  of  the  ob¬ 
server  with  respect  to  the  Symmetry  Plane  of  inter¬ 
planetary  dust  on  the  observed  brightness.  This  effect 
is  discussed  at  length  in  Sect.  8.7. 

—  fn  gives  the  dependence  on  heliocentric  distance  R. 

In  the  following  sections  8.2  — 8.7  we  provide  the  quantita¬ 
tive  information  needed  to  use  the  unifying  approximate 
Eq.  (14)  but  also  present  present  individual  original  results 
and  topics  not  directly  related  to  it.  Section  8.8  discusses 
the  structures  present  in  the  zodiacal  light  on  the  level  of 
several  percent,  and  Sect.  8.9  indicates  how  the  observed 
zodiacal  light  brightness  depends  on  the  position  of  the 
observer  in  the  solar  system, 

8.2.  Heliocentric  dependence 

This  section  gives  information  which  allows  us  to  estimate 
the  factor  fn  Leinert  et  al.  1980)  found  the  visual  bright- 


Table  15.  Heliocentric  gradient  of  physical  properties  of  inter¬ 
planetary  dust  (scattering  properties  are  given  for  a  scattering 
angle  of  90°) 


Value  at  1  AU 

Gradient 
(power  law) 

Range 
(in  AU) 

Density 

-0.93  ±  0.07 

1.1  -  1.4 

Temperature 

260  ±  10  K 

-0.36  ±^0  03 

1.1  -  1.4 

Albedo 

0.08  ±  0.02 
(from  IRAS) 

-0.32  ±  0.05 

1.1  -  1.4 

Polarisation 
(0.5  pm,  local) 

0.30  ±  0.03 

-f-0.5  ±  0  1 

0.5  -  1.4 

ness  to  increase  with  decreasing  heliocentric  distance  for 
all  elongations  between  16°  and  160°  as 


-^(^)  _  p-2  3±0  1 

7(1  AU) 


-  (15) 


In  this  same  range  the  Helios  experiment  (Leinert  et  al. 
1982)  observed  the  degree  of  polarisation  to  increase  with 
increasing  heliocentric  distance  as 


p(R)  p-t-O  3±0  05 

p(l  AU) 


(16) 


In  the  outer  solar  sytem,  for  1  0  AU  <  R  <  3.3 
AU,  Pioneer  10  (Toller  &  Weinberg  1985,  see  also 
Hanner  et  al.  1976)  found  a  decrease  with  heliocentric  dis¬ 
tance  which  can  be  summarised  as 


-^(^)  _  p-2  5±0  2 

7(1  AU) 


(17) 


neglecting  the  correction  for  Pioneer  lO’s  changing  dis¬ 
tance  from  the  symmetry  plane  (compare  Table  33).  Such 
a  steepening  is  expected  to  result  if  there  is  less  interplane¬ 
tary  dust  outside  the  asteroid  belt  than  extrapolated  from 
the  inner  solar  system  (van  Dijk  et  al.  1988;  Hovenier  & 
Bosma  1991). 

Similarly  simple  expressions  for  the  thermal  infrared 
cannot  be  given,  since  the  thermal  emission  of  interplan¬ 
etary  dust 

-  depends  on  the  temperature  T(R)  of  the  dust  grains 
via  Planck's  function,  which  is  highly  nonlinear  and 
therefore 

—  critically  depends  on  wavelength. 

Infrared  observations  from  positions  in  the  inner  or 
outer  solar  system  are  not  yet  available  Estimates  there¬ 
fore  have  to  be  based  on  model  predictions  (see  Sect.  8.9). 
Examples  for  such,  to  varying  degrees  physical  or  sim¬ 
ply  parameterising  models  are  to  be  found,  e.g.  in  Roser 
&  Staude  (1978),  Murdock  &  Price  (1985),  Deul  & 
Wolstencroft  (1988),  Rowan- Robinson  et  al.  (1990),  Reach 
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Table  16.  Zodiacal  light  brightness  observed  from  the  Earth  (in  510©)  at  500  nm.  Towards  the  ecliptic  pole,  the  brightness  as 
given  above  is  60  ±  3  510©.  The  table  is  an  update  of  the  previous  work  by  Levasseur-Regourd  &  Dumont  (1980).  The  values 
remain  the  same  but  for  a  slight  relative  increase,  both  for  the  region  relatively  close  to  the  Sun,  and  for  high  ecliptic  latitudes. 
The  previous  table  is  completed  in  the  solar  vicinity,  up  to  15°  solar  elongation.  Intermediate  values  may  be  obtained  by  smooth 
interpolations,  although  small  scale  irregularities  (e.g.  cometary  trails)  cannot  be  taken  into  account 


p° 
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0 

5 

10 

15 

20 

25 

30 

45 

60 

75 

0 
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78 

5 
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740 
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78 

10 
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78 

15 

9000 
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2690 
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870 
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114 

78 

20 
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no 

77 

25 
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1350 

860 
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174 
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76 

30 
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955 
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74 

35 
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91 

70 

60 
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81 

67 

75 
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91 

73 

64 

90 
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81 

67 

62 
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93 

75 

64 

60 
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98 

88 

70 

60 

58 
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95 

86 

70 

60 

57 
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99 

91 

75 

62 

56 

165 
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81 

64 

56 
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152 

139 
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116 
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82 

65 

56 

Table  17.  Zodiacal  light  brightness  observed  from  the  Earth  (in  SI  units)  This  table  is  identical  to  the  previous  one,  but  for 
the  unit:  the  values  are  given  in  10“*  W  m“^  sr“^  pm”^,  for  a  wavelength  of  0.50  pm.  The  multiplication  factor  is  1  28  10~® 
W  m“^  sr“’'  (see  Table  2  in  Sect.  2).  Towards  the  ecliptic  pole,  the  brightness  as  given  above  is  77  ±  10~®  W  m~^  sr“^ 

pm“^  This  table  (adapted  from  Levasseur-Regourd  1996)  still  needs  to  be  multiplied  by  a  corrective  factor  Fco  for  use  at  other 
wavelengths,  in  order  to  take  into  account  the  solar  spectrum.  This  table  has  been  added  for  direct  use  by  those  who  are  not 
familiar  with  magnitude  related  units 
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77 
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96 

79 

72 
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82 

72 
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83 

72 
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Table  18.  Zodiacal  light  polarization  observed  from  the  Earth 
(in  percent)  The  table  provides  the  values  for  linear  polarisa¬ 
tion  (Levasseur- Regourd  1996)  Circular  polarisation  of  zodia¬ 
cal  light  is  negligible.  Positive  values  correspond  to  a  direction 
of  polarisation  {E  vector)  perpendicular  to  the  scattering  plane 
(Sun-Earth-scattering  particles),  negative  values  correspond  to 
a  direction  of  the  polarisation  in  the  scattering  plane.  Towards 
the  ecliptic  pole,  the  degree  of  polarisation  as  given  above  is 
19  ±  1  percent.  The  negative  values  noticed  in  the  Gegenschein 
region  correspond  to  a  parallel  component  greater  than  the 
perpendicular  component,  as  expected  for  the  scattering  by 
irregular  particles  at  small  phase  angles 
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(1988,  1991).  Reach  et  al.  (1996a),  Dermott  et  al.  (1996a); 
see  also  the  discussion  of  several  of  these  models  by  Hanner 
(1991).  Present  knowledge  on  the  most  important  physical 
input  parameters  is  smnmarised  in  Table  15,  mostly  taken 
from  Levasseur- Regourd  (1996).  Note  that  “local”  polar¬ 
isation  does  not  mean  the  zodiacal  light  polarisation  ob¬ 
served  locally  at  the  Earth,  but  the  polarisation  produced 
by  scattering  imder  90°  in  a  unit  volume  near  the  Earth’s 
orbit  The  gradients  (power  law  exponents  in  heliocentric 
distance  R)  have  been  derived  from  brightness  measure¬ 
ments  at  1  AU  using  an  inversion  method  called  “nodes  of 
lesser  uncertainty”  (Dumont  &  Levasseur- Regourd  1985). 
The  one  directly  observed  physically  relevant  quantity  in 
the  infrared  is  the  colour  temperature  of  the  zodiacal  hght. 
At  elongation  e  =  104°  the  colour  temperature  has  been 
measured  between  5  yum  and  16.5  yum  from  the  infrared 
satellite  ISO  to  be  261.5  ±  1.5  K  (Reach  et  al.  1996b).  In 
this  wavelength  range,  the  spectrum  of  the  zodiacal  light 
closely  followed  blackbody  emission.  See  also  the  discus¬ 
sion  of  an  infrared  zodiacal  light  model  in  Sect.  8.5. 


8.3.  Zodiacal  light  at  1  AU  in  the  visual 

First  we  give  here  the  values  for  the  zodiacal  light  at 
500  nm  (the  possible  minute  difference  to  502  nm,  to  which 
the  data  of  Levasseur-Regourd  &  Dumont  (1980)  refer,  is 
neglected).  Brightnesses  are  expressed  in  510©  units.  At 
500  nm  (AA  =  10  nm)  we  have 

1  SIOq  =  1.28  10“®  [Wm“^  sr-^ 

or  '  (18) 

1  S'IOq  =  1.28  10“®  [erg  cm“^  s~^  sr“^  A  . 

8.3.1.  Pole  of  the  ecliptic 

The  annually  averaged  brightness  and  degree  of  polarisa¬ 
tion  and  the  polarised  intensity  Ipoi  at  the  ecliptic  poles 
at  500  nm  result  as  (Levasseur-Regourd  &  Dumont  1980; 
Leinert  et  al.  1982) 

/zl(,8  =  90°)  =-  60  ±3  RIO© 

P2l(/I  =  90°)  =-  0.19  ±0.01  (19) 

I'po1Zl(^  =  90°)  =  11.3  ±0.3  510©. 

For  completeness  we  note  that  the  polarized  intensity  ap¬ 
pears  to  be  very  much  agreed  upon,  while  many  of  the 
space  experiments  (Sparrow  &  Ney  1968;  Sparrow  &  Ney 
1972a, b;  Levasseur  &  Blamont  1973;  Frey  et  al.  1974; 
Weinberg  &  Hahn  1980)  tend  to  find  /zl  lower  by  about 
10%  and  pzL  correspondingly  higher.  But  for  uniformity 
of  reference  within  the  zodiacal  light  map  below  we  rec¬ 
ommend  use  of  the  numbers  given  above. 

8  3  2.  Maps 

Because  of  the  approximate  symmetry  of  the  zodiacal 
light  with  respect  to  the  ecliptic  (resp.  symmetry  plane) 
and  also  with  respect  to  the  helioecliptic  meridian  (sun- 
ecliptic  poles-antisolar  point)  only  one  quarter  of  the  celes¬ 
tial  sphere  has  to  be  shown.  We  present  the  groundbased 
brightness  map  for  500  nm  in  three  ways: 

1.  Figure  37,  taken  from  Dumont  &  Sanchez  (1976)  gives 
the  original  data  in  graphical  form  and  allows  quick 
orientation. 

2.  Table  16,  based  on  the  results  of  Levasseur-Regourd 
&  Dumont  (1980)  contains  a  smoothed  tabulation  of 
these  (basically  same)  data  in  steps  of  5°  to  15°  in 
A  —  A©  and  y9. 

3.  Table  17  is  identical  to  Table  16,  except  that  the 
brightness  now  is  given  in  physical  units. 

The  zodiacal  light  tables  given  here  deviate  somewhat 
from  the  original  earthbound  data  sets,  which  were  limited 
to  elongation  >  30°,  because  they  were  subject  to  addi¬ 
tional  smoothing,  and  because  they  also  give  a  smooth 
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Fig.  37.  Annually  averaged  distribution  of  the  zodiacal  light  over  the  sky  in  differential  ecliptic  coordinates.  Upper  half:  zodiacal 
light  brightness  Izl(SIOo),  lower  half;  degree  of  polarisation  of  zodiacal  light  The  circumference  represents  the  ecliptic,  the 
ecliptic  pole  is  in  the  center,  and  the  coordinates  A  —  Aq  and  /?  are  drawn  in  intervals  of  10° .  The  indicates  a  line  of  lower 
reliability.  From  Dumont  &  Sanchez  (1976) 


connection  to  two  measurements  closer  to  the  sun:  the  re¬ 
sults  obtained  by  Helios  A/B  (Leinert  et  al.  1982)  and 
those  of  a  precursor  rocket  flight  (Leinert  et  al.  1976) 
for  small  elongations  (e  <  30°).  For  interpolation,  if  the 
smaller  5°  spacing  is  needed,  still  the  table  in  Levasseur- 
Regourd  &  Dumont  (1980)  can  be  used.  In  addition,  Table 
18  gives  a  map  of  zodiacal  light  polarisation,  structured 
in  the  same  way  as  Tables  16  and  17. 

For  these  maps,  the  errors  in  polarisation  are  about  1%. 
The  errors  in  brightness  are  10  —  15  510q  for  low  values 
and  5%  —  10%  for  the  higher  brightnesses. 


8.^.  Wavelength  dependence  and  colour  with  respect  to  the 
sun 

The  wavelength  dependence  of  the  zodiacal  light  gener¬ 
ally  follows  the  solar  spectrum  from  0.2  iJ.m  to  «  2  /rm. 
However,  detailed  study  shows  a  reddening  of  the  zodiacal 
light  with  respect  to  the  sun.  The  thermal  emission  long- 
ward  of  3  /im,  as  mentioned  already  in  Sect.  8.2,  can  be 
approximated  by  a  diluted  blackbody  radiation.  This  will 
bediscussed  in  more  detail  in  Sect.  8.5.  A  recent  determi¬ 
nation  of  the  temperature  of  this  radiation  gives  the  value 
of  261.5  ±  1.5  K  (Reach  et  al.  1996b). 
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Fig.  38.  Broadband  spectrum  of  the  zodiacal  light.  The  shown 
observations  are  by  Frey  et  al.  (1974,  •),  Hoftnann  et  al.  (1973, 
+),  Nishimura  et  al.  (1973,  v)  and  Lillie  (1972,  o).  From 
Leinert  (1975) 


Table  19.  Zodiacal  light  at  e  =  90°  in  the  ecliptic 


A(^im) 

510q 

W 

m  ^  sr  *  /rm  * 

MJy/sr 

0.2 

2.5 
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0.3 
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Figure  38  gives  an  impression  of  the  spectral  flux  dis¬ 
tribution  of  the  zodiacal  light  at  elongation  e  =  80°  in 
the  ecliptic.  It  emphasises  the  closeness  to  the  solar  spec¬ 
trum  from  0.2  fim  to  2  ;um.  Note  that  at  wavelengths 
A  <  200  nm  the  intensity  levels  expected  for  a  solar-type 
zodiacal  light  spectrum  are  quite  low,  therefore  difficult 
to  estabhsh  (see  Sect.  8.6). 


8.4.1.  Wavelength  dependence  -  absolute  level 

This  section  gives  information  which  allows  us  to  estimate 
the  factor  /abs- 

From  the  ultraviolet  to  near-infrared,  if  zodiacal  hght 
brightness  is  given  in  SIO©  rmits  and  the  zodiacal  hght 
spectrum  were  solax-like,  then  we  would  have  simply 

/abs  =  1.0. 

If  the  zodiacal  light  brightness  again  is  expressed  in 
S'lO©  units  but  its  reddening  is  taken  into  account,  we 
still  take  /abs  =  1-0  and  put  the  reddening  into  the  colour 
correction  factor  fco  (see  the  following  section). 

If  the  zodiacal  hght  brightness  is  given  in  physical 
units,  /abs  gives  the  factor  by  which  the  absolute  level 
of  brightness  changes  from  A  =  500  nm  to  a  given  wave¬ 
length.  Because  best  defined  observationally  at  an  elonga¬ 
tion  of  e  =  90°  in  the  ecliptic,  the  factors  /abs  should  be 
used  for  that  viewing  direction.  Table  19  already  implic¬ 
itly  contains  these  factors,  since  it  gives  the  wavelength 
dependent  brightnesses  /zl(A)  =  Jzl(500  nm)x/abs,  for 
the  90°  points  in  the  ecliptic.  (Where  appropriate,  the  fac¬ 
tor  fco  has  also  been  included).  For  the  infrared  emission 
this  brightness  is  taken  from  the  COBE  measurements 
(see  Sect.  8.5)  and  added  here  for  completeness  and  easy 
comparabihty. 


8.4.2.  Colour  effects  -  elongation-dependent  reddening 

This  section  gives  information  which  allows  us  to  estimate 
the  factor  fco-  This  factor  applies  to  the  ultraviolet  to 
near-infrared  part  of  the  spectrum  only.  Since  it  deviates 
from  unity  by  less  than  20%  from  350  nm  to  800  nm,  ne¬ 
glecting  it  (i.e.  assuming  a  strictly  solar  spectrum)  may  be 
acceptable  in  many  applications.  Otherwise  one  has  to  go 
through  the  somewhat  clumsy  coloiu  correction  detailed 
below. 

It  is  convenient  to  express  the  colour  of  zodiacal  light 
as  a  colour  ratio  which  linearly  measures  the  deviation  of 
zodiacal  light  from  the  the  solar  spectrum: 


C'(Ai,A2) 


Izl(Ai)/Jq(Ai) 

hhi^2)  / 


(20) 


and  which,  for  Ai  <  A2,  is  related  to  the  colour  indices 
{Cl)  by 


C/zL-C'/o  =  -2.5iogC(Ai,A2).  (21) 

We  compile  in  Fig.  39  measurements  of  the  colour  of 
the  zodiacal  light  with  respect  to  the  solar  spectrum. 
There  is  quite  some  disagreement  in  detail,  but  also  a 
trend  for  a  general  reddening  which  is  stronger  at  small 
elongations  (e  «  30°).  To  be  specific,  we  decide  on 
the  basis  of  Fig.  39,  on  the  following  reddening  relations 
(straight  lines  in  this  log-linear  presentation  and  giving 
particular  weight  to  the  Helios  measurements): 

e  <  30°:  fco  —  /co-30 
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Fig.  39.  Reddening  of  the  zodiacal  light  according  to  colour  measurements  by  various  space-borne  and  balloon  experiments. 
Left:  at  small  elongations;  right:  at  large  elongations.  The  quantity  plotted  is  the  ratio  of  zodiacal  light  brightness  at  wavelength 
A  to  zodiacal  light  brightness  at  wavelength  500  nm,  normalised  by  the  same  ratio  for  the  sun  (i.e.  we  plot  the  colour  ratio  C(\, 
500  nm).  Reddening  corresponds  to  a  value  of  this  ratio  of  <  1.0  for  A  <  500  nm  and  >  1.0  for  A  >  500  nm.  The  thick  solid  line 
represents  the  adopted  reddening  (Eq.  (22)).  The  references  to  the  data  points  are:  Leinert  et  al.  (1981)  (Helios),  Vande  Noord 
(1970)  (Balloon),  Feldman  (1977)  (Aerobee  rocket),  Pitz  et  al.  (1979)  (Astro  7  rocket),  Cebula  &  Feldman  (1982)  (Astrobee 
rocket),  Frey  et  al.  (1977)  (Balloon  Thisbe),  Nishimura  (1973)  (rocket  K-10-4),  Sparrow  &  Ney  (1972a,b)  (OSO-5),  Morgan 
et  al.  (1976)  (TD-1),  Lillie  (1972)  (OAO-2),  Maucherat-Joubert  et  al.  (1979)  (D2B),  Matsuura  et  al.  (1995)  (rocket  S-520-11), 
Tennyson  et  al.  (1988)  (Aries  rocket) 


P 
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Fig.  40.  Wavelength  dependence  of  polarisation  observed  at  different  positions  in  the  zodiacal  light.  Filled  triangles  -  Skylab 
at  the  north  celestial  pole  (Weinberg  &  Hahn  1979);  open  circles:  rocket  Astro  7  at  elongation  e  =  30°  (Pitz  et  al.  1979);  dots: 
Helios  at  /3  =  16°,  e  =  90°  (Leinert  et  al.  1982);  diamonds:  COBE  measurements  (Berriman  et  al.  1994);  stars:  an  average  of 
three  similar  results  (OSO-5,  e  =  90°,  Sparrow  &  Ney  1972;  balloon  at  e  =  30°,  Vande  Noord  1970;  ground-based  at  e  =  39°, 
Wolstencroft  &  Brandt  1967)  Note:  it  is  the  wavelength  dependence  within  each  group  which  matters.  The  solid  line  shows  the 
approximation  (24)  to  the  wavelength  dependence  of  p 
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e  =  30°:  /co-30  = 


e  =  90°:  f CO-90  = 


e  >  90°:  fco  = 

Here,  fco  =  1-0  coresponds  to  solar  colour,  while  a  redden¬ 
ing  results  in  fco  <  1.0  for  A  <  500  nm  and  in  fco  >1.0 
for  A  >  500  nm. 

For  intermediate  values  of  e,  fco  can  be  interpolated. 
The  curves  for  the  assumed  colour  in  Fig.  39  are  made 
to  closely  fit  the  Helios  data,  where  the  U BV  (363  nm, 
425  nm,  529  nm)  colours  (Leinert  et  al.  1982),  again  ex¬ 
pressed  as  colour  ratios,  were 

1.14-5.5  10-^- e(°)  (23) 

1.11-5.0  10“‘‘-e(°). 

Obviously  the  colour  ratio  factor  fco  cannot  be  very  accu¬ 
rate  in  the  ultraviolet  (where  measurements  don’t  agree 
too  well)  nor  beyond  1  pm  (where  partly  extrapolation 
is  involved).  The  situation  for  A  <  220  nm  in  the  ultra¬ 
violet  and  for  the  emission  part  of  the  zodiacal  light  are 
described  below  in  separate  sections. 


Iv 

Ib 

Ib 

lu 


220  nm  <  A  <  500  nm 

500  nm  <  A  <  2.5  pm 

220  nm  <  A  <  500  nm 


+ 

500  nm  <  A  <  2.5  /im 

fco~-Q0‘ 


) 


8.4.3.  Wavelength  dependence  of  polarisation 

The  available  zodiacal  light  polarisation  measurements  be¬ 
tween  0.25  pm  and  3.5  pm  fall  in  two  groups  (Fig.  40). 
Most  observations  in  the  visual  can  be  represented  within 
their  errors  by  a  polarisation  constant  over  this  wave¬ 
length  range.  Two  quite  reliable  measurements,  on  the 
other  hand  (by  Helios  in  the  visible  and  by  CODE  in  the 
near-infrared) ,  show  a  definite  decrease  of  observed  degree 
of  polarisation  with  wavelength. 

In  the  limited  wavelength  range  from  0  45  pm  to 
0.80  pm  it  is  still  an  acceptable  approximation  to  assume 
the  polarisation  of  the  zodiacal  light  as  independent  of 
wavelength.  But  overall,  the  wavelength  dependence  of 
polarisation  summarised  in  Fig.  40  has  to  be  taken  into 
account.  For  an  elongation  of  90°,  to  which  most  of  the 
data  in  Fig.  40  refer,  it  can  be  reasonably  represented  by 
the  relation  (solid  line  in  the  figure) 


(24) 


i.e.  by  a  decrease  of  «  3%  per  factor  of  two  in  wavelength. 
With  p(0.5  pm)  =  0.17,  this  can  also  be  written  in  the 
form 

p(A)  =  p(0.5  pm)[l  +  0.591og(A/0.5  pm)] ,  (25) 

which  may  be  applied  tentatively  also  to  other  viewing 
directions. 

At  longer  wavelengths,  with  the  transition  region  oc- 
curing  between  ^2.5  pm  and  5  pm,  the  zodiacal  light  is 
dominated  by  thermal  emission  and  therefore  unpolarised. 
At  shorter  wavelengths  the  zodiacal  light  brightness  is 
very  low,  and  the  polarisation  is  not  known  (although  it 
may  be  similai  to  what  we  see  in  the  visual  spectral  range). 

Maps  of  the  zodiacal  light  polarisation  at  present  are 
available  with  large  spatial  coverage  for  the  visual  spec¬ 
tral  range  only.  For  other  wavelength  ranges,  it  is  a  first 
approximation  to  use  the  same  spatial  distribution. 

8.5.  Zodiacal  light  in  the  thermal  infrared 

Extensive  space-based  measurements  of  the  diffuse  in¬ 
frared  sky  brightness  in  the  infrared  have  become  avail¬ 
able  over  the  past  13  years  (e.g.,  Neugebauer  et  al.  1984 
(IRAS);  see  Beichman  1987  for  a  review  of  IRAS  results; 
Murdock  &  Price  1985  (ZIP);  Boggess  et  al.  1992  (COBE); 
Murakami  et  al.  1996  (IRTS);  Kessler  et  al.  1996  (ISO)). 
In  general,  some  form  of  modeling  is  required  to  sepa¬ 
rate  the  scattered  or  thermally  emitted  zodiacal  light  from 
other  contributions  to  the  measured  brightness,  though  at 
some  wavelengths  and  in  some  directions  the  zodiacal  light 
is  dominant.  Because  the  COBE/DIRBE  measurements 
have  the  most  extensive  combination  of  sky,  temporal,  and 
wavelength  coverage  in  the  infrared,  and  have  been  care¬ 
fully  modeled  to  extract  the  zodiacal  light  signal  (Reach 
et  al.  1996a;  COBE/DIRBE  Explanatory  Supplement),  we 
largely  rely  on  these  results. 

The  spectral  energy  distribution  of  the  zodiacal  light 
indicates  that  the  contributions  from  scattered  and 
thermally  emitted  radiation  from  interplanetary  dust 
are  about  equal  near  3.5  pm  (Spiesman  et  al.  1995; 
Matsumoto  et  al.  1996),  where  the  interplanetary  dust 
(IPD)  contribution  to  the  infrared  sky  brightness  is  at 
a  local  minimum.  This  turnover  is  most  clearly  seen 
in  the  data  of  the  near-infrared  spectrometer  onboard 
the  satellite  IRTS  (Matsumoto  et  al.  1996,  see  Fig.  41). 
Observations  in  the  range  3  —  5  pm  are  expected  to  be 
neither  purely  scattering  not  purely  thermal.  The  ther¬ 
mal  spectrum  peaks  near  12  pm,  and  the  observed  spec¬ 
tral  shape  for  A  <  100  pm  approximates  that  of  a  black- 
body  (for  a  power  law  emissivity  proportional  to  n"”, 
spectral  index  n  =  0)  with  a  temperature  in  the  range 
250  —  290  K  (Murdock  &  Price  1985;  Hauser  et  al.  1984; 
Spiesman  et  al  1995),  depending  in  part  on  the  direction 
of  observation.  As  already  mentioned,  recent  results  from 
ISO  (Reach  et  al.  1996b,  Fig.  42)  fit  the  5  — 16.5  pm  wave¬ 
length  range  with  a  blackbody  of  T  =  261.5±1.5  K.  Using 


p(A)  =  0.17  +  0.10  ■  log(A/0.5  pm)] 
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Fig.  41.  Near-infrared  spectra  of  the  sky  brightness  measured 
with  the  satellite  IRTS  at  low  and  at  high  ecliptic  latitudes 
P  The  solid  line  gives  a  solar  spectrum,  normalised  to  the 
measurements  at  low  P  at  1.83  pm.  Prom  Matsumoto  et  al 
(1996) 


Fig.  42.  Spectrum  of  the  zodiacal  light  from  5  pm  to  16  5  pm 
as  measured  with  the  circular  variable  filter  of  the  infrared  cam¬ 
era  (CAM)  onboard  the  ISO  satellite.  Actually,  two  separate 
measurlements  are  overplotted.  “D4”  and  “D5”  are  measure¬ 
ments  of  the  DIRBE/COBE  exoeriment  shown  here  for  com¬ 
parison,  where  the  horizontal  bar  indicates  the  width  of  the 
filters.  "LW8”  and  the  asterisk  refer  to  independent  measure¬ 
ments  obtained  with  CAM.  Note  the  possible  broad  emission 
feature  between  9  pm  and  12  pm.  From  Reach  et  al  (1996b) 


COBE/DIRBE  data,  Reach  et  al  (1996a)  find  a  slow  roll¬ 
off  of  the  emissivity  in  the  far-infrared  (spectral  index 
n  Rs  0.5  for  A  >  100  pm). 

Except  near  the  Galactic  plane,  the  signal  due 
to  interplanetary  dust  dominates  the  observed  diffuse 
sky  brightness  at  all  infrared  wavelengths  shortward  of 
«  100  pm.  This  is  illustrated  in  Fig.  43,  which  presents 
COBE/DIRBE  observations  (0.7  deg  resolution)  of  a  strip 
of  sky  at  elongation  90  deg  in  10  photometric  bands  rang¬ 
ing  from  1  pm  -  240  pm.  The  estimated  contribution  from 
zodiacal  light  (based  upon  the  DIRBE  model,  see  below) 
is  also  shown  at  each  wavelength  in  Fig.  43.  Even  in  the 
far  infirared,  the  contribution  from  zodiacal  light  is  not 
necessarily  negliglible:  Reach  et  al.  (1996a)  estimated  the 
fraction  of  total  sky  brightness  due  to  zodiacal  light  at  the 
NGP  as  roughly  25%  at  240  pm.  Examination  of  Fig.  43 
shows  that,  although  the  signal  due  to  interplanetary  dust 
peaks  near  the  ecliptic  plane  at  all  wavelengths,  the  de¬ 
tailed  shape  of  the  signal  is  wavelength-dependent.  An  an¬ 
alytic  empirical  relation  for  the  brightness  in  the  thermal 
infrared  at  90°  elongation  (based  upon  IRAS  data)  has 
been  described  by  Vrtilek  &  Hauser  (1995).  As  already 
mentioned,  the  brightness  distribution  in  visual  can  serve 
as  a  first  approximation  to  the  brightness  distribution  in 
the  thermal  infrared,  if  the  respective  infrared  data  are 
not  available. 

Although  the  shape  of  the  underlying  zodiacal  “lower 
envelope”  is  clearly  visible  in  the  data  of  Fig.  43,  the  de¬ 
termination  of  the  zero-level  of  the  zodiacal  light  in  the  in¬ 
frared  is  difficult.  In  addition  to  calibration  uncertainties 
in  the  sky  brightness  measurements  themselves,  contri¬ 
butions  from  Galactic  sources  and  possibly  extragalactic 
background  make  this  a  challenging  problem. 

A  summary  of  several  techniques  which  have  been 
used  to  isolate  the  zodiacal  light  from  other  sky  signals 
is  documented  by  Hauser  (1988);  many  involve  filtering 
the  data  in  either  the  angular  or  angular  frequency  do¬ 
main,  leaving  the  absolute  signal  level  uncertain.  Others 
accomplish  removal  of  the  Galactic  component  via  mod¬ 
els,  e.g.  by  using  the  statistical  discrete  source  model  of 
Wainscoat  et  al.  (1992),  or  by  use  of  correlations 
with  measurements  at  other  wavelengths  (e  g.,  HI; 
Boulanger  &  Perrault  1988).  We  choose  here  to  quote 
zodiacal  light  levels  as  derived  from  the  DIRBE  zodi¬ 
acal  light  model,  which  is  based  upon  a  parameterized 
physical  model  of  the  interplanetary  dust  cloud  similar 
to  that  used  for  IRAS  (Wheelock  et  al.  1994,  Appendix 
G).  Rather  than  determining  the  model  parameters  by 
fitting  the  observed  sky  brightness,  the  DIRBE  model 
was  derived  from  a  fit  to  the  seasonally-varying  compo¬ 
nent  of  the  brightness  in  the  DIRBE  data,  since  that  is 
a  unique  signature  of  the  part  of  the  measured  bright¬ 
ness  arising  in  the  interplanetary  dust  cloud  (Reach  et 
al.  1996a).  The  model  explicitly  includes  several  spatial 
components  (see  Sect.  8  8):  a  large-scale  smooth  cloud, 
the  dust  bands  attributed  to  asteroidal  collisions,  and  the 
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Fig.  43.  Example  of  total  IR  sky  brightness  measured  by  the  COBE/DIRBE  instrument  and  brightness  contributed  by  zodiacal 
light  at  10  infrared  wavelengths.  At  each  wavelength,  the  upper  curve  shows  the  sky  brightness  measured  by  DIRBE  on  1990 
Jun  19  at  solar  elongation  90°,  ecliptic  longitude  179°,  as  a  function  of  geocentric  ecliptic  latitude.  Because  of  low  signaf-to-noise 
ratio  at  the  longest  wavelengths,  the  140  pm  and  240  pm  data  have  been  averaged  and  smoothed.  The  lower  curve  in  each  plot  is 
the  zodiacal  light  brightness  for  this  epoch  obtained  from  the  DIRBE  zodiacal  light  model.  DIRBE  is  a  broad-band  photometer: 
flux  densities  axe  given  in  MJy/sr  at  the  nominal  wavelengths  of  the  DIRBE  bands,  assuming  an  input  energy  distribution  of 
the  form  =  constant 
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Fig.  44.  Contour  maps  of  average  zodiacal  light  brightness  in  the  10  DIRBE  wavebands,  as  derived  from  the  DIRBE  zodiacal 
light  model.  Contours  are  labelled  in  units  of  MJy/sr.  No  color  corrections  for  the  broad  DIRBE  bandwidths  have  been  applied 
(see  DIRBE  Explanatory  Supplement,  Sect.  5.5,  for  detmls) 
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Pig.  45.  Contour  maps  of  the  zodiacal  light  brightness  at  25  nia  for  four  different  times  of  the  year,  based  on  the  DIRBE 
zodiacal  light  model  Contours  are  given  in  increments  of  5  MJy/sr,  with  the  25  MJy/sr  level  labelled.  Each  pair  of  maps  shows 
contours  for  both  the  leading  side  and  trailing  side  of  the  Eeurth’s  orbit.  The  epoch  for  each  pair  is  indicated  above  the  map,  in 
the  format  yyddd,  e.g  ,  89336  is  day  336  (Dec.  2)  of  1989.  Asymmetries  between  the  two  sides,  as  well  as  changes  with  epoch, 
can  be  seen  in  these  maps  Again,  flux  densities  are  given  in  MJy/sr  at  the  nominal  wavelengths  of  the  DIRBE  bands,  assuming 
an  input  energy  distribution  of  the  form  =  constant.  (A  —  A©)  is  given  from  70°  to  120°  in  steps  of  10° 


resonantly-trapped  dust  ring  near  1  AU.  Zodiacal  light 
levels  given  here  are  estimated  to  be  accurate  to  «10% 
for  wavelengths  of  25  fxm  and  shortward,  and  «20%  for 
longer  wavelengths.  Note  that  for  all  DIRBE  spectral  in¬ 
tensities  presented  here,  the  standard  DIRBE  (and  IRAS) 
convention  is  used:  the  calibration  is  done  for  a  spectrum 
with  i/R  =  constant,  which  means  in  particular  that  the 
effective  bandwidth  of  each  DIRBE  wavelength  band  is 
calculated  assuming  a  source  spectrum  with  this  shape. 
In  general,  and  for  accurate  work,  then  a  colour  correc¬ 
tion  based  upon  the  actual  source  spectral  shape  must  be 
applied  (see  DIRBE  Explanatory  Supplement  for  details) . 

Figure  44  presents  contours  of  “average”  zodiacal  light 
isophotes  in  geocentric  ecliptic  coordinates  for  one  quar¬ 
ter  of  the  sky  (other  quadrants  are  given  by  symmetry),  as 
computed  from  the  DIRBE  model.  Although  this  average 


serves  as  a  guideline  for  the  contribution  of  zodiacal  light 
to  the  night  sky  brightness  at  infrared  wavelengths,  at  no 
point  in  time  will  an  Earth-based  observer  see  a  zodiacal 
light  foreground  exactly  resembling  these  contours.  The 
detailed  DIRBE  measurements  indicate  that  the  individ¬ 
ual  spatial  components  of  the  interplanetary  dust  cloud 
possess  their  own  geometry,  their  own  “symmetry  plane” 
and  their  own  temporal  variation  pattern. 

Figure  45  illustrates,  again  on  the  basis  of  the  COBE 
zodiacal  light  model,  the  variation  in  isophotes  at  25  /xm  at 
four  different  times  during  the  year,  corresponding  roughly 
to  the  times  when  the  Earth  is  in  the  symmetry  plane  of 
the  main  dust  cloud  [days  89336  and  90162]  and  when  it 
is  90°  further  along  its  orbit  [days  90060  and  90250]. 

Detailed  quantitative  maps  of  the  DIRBE  measure¬ 
ments  and  zodiacal  light  model  are  available  from  the 
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Fig.  46.  Ultraviolet  zodiacal  light  measurements  at  90°  elongation  in  the  ecliptic  in  absolute  fluxes,  compared  to  the  solar 
spectrum.  Measurements  from  smaller  elongations  have  been  transformed  to  the  intensity  scale  of  the  figure  by  assuming  the 
same  distribution  of  zodiacal  light  brightness  over  the  sky  as  in  the  visual.  The  chosen  average  zodiacal  light  brightness  for 
160  nm  <  A  <  220  nm  is  shown  as  thick  broken  line.  Differences  with  respect  to  Fig.  38  result  from  what  is  used  as  solar 
spectrum  in  the  ultraviolet  and  from  the  way  in  which  visual  data  are  compared  to  ultraviolet  measurements.  The  references’  to 
the  data  points  are;  Lillie  (1972),  Morgan  (1978),  Morgan  et  al.  (1976),  Frey  et  al.  (1977),  Feldman  (1977),  Cebula  &  Feldman 
(1982),  Pitz  et  al.  (1979)  and  a  reanalysis  by  Maucherat-Joubert  et  al.  (1979),  Maucherat-Joubert  et  al.  (ELZ,  1979),  Tennyson 
et  al.  (1988).  Adapted  from  Maucherat-Joubert  et  al.  (1979) 


NASA  National  Space  Science  Data  Center  in  the  DIRBE 
Sky  and  Zodiacal  Atlas.  The  COBE/DIRBE  data  prod¬ 
ucts  and  the  Explanatory  Supplement  are  accessible 
through  the  COBE  Home  Page  at 

http:;//www.gsfc.nasa.gov/astro/cobe/cobe_home  html 
on  the  World  Wide  Web. 


8.6.  Zodiacal  light  in  the  ultraviolet  (X  <  300  nm) 

The  difEculty  with  this  wavelength  range  is  that  here  the 
zodiacal  light  contribution  appears  only  as  a  small  frac¬ 
tion  of  the  observed  background.  Available  measmrements 
therefore  have  large  error  bars  or  only  give  upper  limits. 
In  addition  there  is  a  sharp  drop  of  solar  irradiance  be¬ 
low  220  nm,  by  three  orders  of  magnitude  until  150  nm. 
This  can  be  seen  in  Fig.  46  which  summarises  available  re¬ 
sults.  The  scatter  between  the  observations  is  very  large. 
Whatever  the  reason  for  Lillie’s  (1972)  high  values  (vari¬ 
ation,  galactic  component,  instrumental  effects),  his  re¬ 
sults  shortward  of  A  =  220  nm  no  longer  are  accepted  as 


originally  given.  In  view  of  the  obvious  discrepancies  we 
suggest  to  accept  the  following: 

-1 


Pzl(A) 

Fzl{A) 


.-2 


negligible,  <110  Wm’-sr*  ,um 
(for  A  <  160  nm) 

^_8J[(A-A0,/3)  +  j-(e,O°)]/2 

1(90°, 0°) 


2.5  10“ 


(26) 


O  1  1 

W  m“  sr“  pm 
(for  160  nm  <  A  <  220  nm) 
Fzl(A)  =  of  solar  spectrum,  with  reddening 
as  given  in  Sect.  8.4.2  above 
(for  220  nm  <  A  <  300  nm). 


Here,  /(A  —  A©,/?)  refers  to  the  map  of  the  zodiacal  light 
at  500  nm  given  above  in  Table  16. 

Murthy  et  al.  (1990)  from  their  Space  Shuttle  exper¬ 
iment  found  that  the  colour  of  the  zodiacal  light  gets 
bluer  with  increasing  ecliptic  latitude  between  165  nm  and 
310  nm.  This  would  mean,  that  the  zodiacal  light  is  less 
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flattened  and  more  symmetrically  distributed  around  the 
sun  at  these  wavelengths,  as  also  found  from  OAO-2  (Lillie 
1972).  This  is  an  important  result  which  should  systemati¬ 
cally  be  confirmed.  In  Eq.  (26)  we  take  such  an  effect  qual¬ 
itatively  into  account  and  approximate  it  by  halving  the 
out-of  ecliptic  decrease  with  respect  to  the  visible  wave¬ 
lengths  (this  is  what  the  lengthy  fraction  does). 

At  220  nm  there  are  now  two  expressions  for  the  bright¬ 
ness  of  zodiacal  light  in  Eq.  (26),  with  different  out-of 
ecliptic  decrease  of  brightness.  They  agree  at  an  interme¬ 
diate  latitude  (resp.  inclination)  of  30°  —  45°.  The  discon¬ 
tinuity  at  the  other  ecliptic  latitudes  is  acceptable,  given 
the  large  uncertainties  of  the  determination  of  zodiacal 
light  brightness  at  these  wavelengths. 

8.1.  Seasonal  variations 

The  effects  to  be  discussed  in  this  section  have  been  sum¬ 
marised  as  factor  /sp  in  Eq.  (14)  above. 


Helios  2  Helios  1 


Fig.  47.  Geometry  of  the  earth  orbit  and  the  symmetry  plane 
of  interplanetary  dust  (with  ascending  node  Q  and  inclination 
i).  Numbers  give  the  position  of  the  earth  at  the  beginning  of 
the  respective  month.  Also  shown  are  the  orbits  of  the  Helios 
spaceprobes  and  the  direction  to  the  vernal  equinox 


Seasonal  variations  of  zodiacal  light  brightness  occur 
for  an  observer  moving  with  the  earth,  on  the  level  of 
«  10%.  They  result  from  the  orbital  motion  of  the  earth 
through  the  interplanetary  dust  cloud,  which  changes  the 
heliocentric  distance  (by  2e  =  3.3%)  and  the  position  of 
the  observer  with  respect  to  the  symmetry  plane  of  the 
interplanetary  dust  distribution  (see  Fig.  47).  (The  sym¬ 
metry  plane  is  a  useful  concept  for  describing  the  inter¬ 
planetary  dust  distribution,  although  in  detail  it  is  too 
simplified:  the  symmetry  properties  appear  to  change  with 
heliocentric  distance,  see  Table  20).  The  change  in  helio¬ 
centric  distance  of  the  observer  translates  into  a  brightness 
increase  of  about  8%  from  aphelion  in  July  to  perihelion  in 
January.  Otherwise,  the  effects  are  different  for  high  and 
for  low  ecliptic  latitudes.  Since  the  effects  are  very  similar 


in  the  visual  spectral  range  and  in  the  infrared,  examples 
from  both  wavelength  ranges  will  be  used  to  show  the 
effects. 


8.7.1.  High  ecliptic  latitudes 

At  high  ecliptic  latitudes,  the  main  effect  is  a  yearly  si¬ 
nusoidal  variation  of  the  brightness  with  an  amplitude  of 
ai±10%.  This  is  due  to  the  motion  of  the  earth  south  and 
north  of  the  midplane  of  dust  depending  on  its  orbital  po¬ 
sition.  The  extrema  occur  when  the  earth  (the  observer) 
is  at  maximum  elevation  above  or  below  the  symmetry 
plane,  while  the  average  value  is  obtained  when  cross¬ 
ing  the  nodes.  The  effect  is  clearly  visible  in  the  broad¬ 
band  optical  Helios  measurements  in  the  inner  solar  sys¬ 
tem  (Fig.  48),  in  the  D2A  satellite  observations  at  653  nm 
along  the  earth’s  orbit  (Fig.  49)  and  in  the  CODE  in¬ 
frared  measurements  (Fig.  50)  .  Of  these,  the  Hehos  mea¬ 
surements  have  been  corrected  for  the  changing  heliocen¬ 
tric  distance  of  the  instrument,  while  in  the  other  data 
the  modulation  still  contains  the  8%  effect  due  to  the 
eccentricity  of  the  earth’s  orbit.  The  effect  of  the  tilted 
symmetry  plane  gradually  decreases  towards  low  ecliptic 
latitudes  to  <1%.  The  brightness  changes  in  low  ecliptic 
latitude  observations  from  the  earth  or  from  earthbound 
satellites  then  are  dominated  by  the  effect  of  changing  he¬ 
liocentric  distance. 


30°  60°  90°  120°  150°  180° 

^  ~  ^  Perihelion 


Fig.  48.  Change  of  brightness  with  ecliptic  longitude  observed 
by  Helios  at  the  ecliptic  poles.  The  dashed  line  gives  a  sinu¬ 
soidal  fit  to  the  data.  These  observations  refer  to  the  inner  so¬ 
lar  system,  from  0  3  AU  to  1.0  AU.  The  perihelia  of  the  Helios 
space  probes  cire  at  A  w  100°.  From  Leinert  et  al.  (1980b) 
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Fig.  49.  Yearly  variation  of  zodiacal  light  brightness  at  the 
north  ecliptic  pole  and  at  ±  45°  ecliptic  latitude,  observed  at 
653  nm  by  the  satellite  D2A.  The  dashed  line  is  a  prediction 
for  a  plane  of  symmetry  coinciding  with  the  invariable  plane 
of  the  solar  system  {i  —  1.6°,  =  107°),  including  the  effect 

of  changing  heliocentric  distance.  Adapted  from  Levasseur  & 
Blamont  (1975) 


25|4m  COBE  Observations  (8-90°) 


8.7.2.  Low  ecliptic  latitudes 

At  low  ecliptic  latitudes,  the  motion  of  the  earth  with  re¬ 
spect  to  the  symmetry  plane  of  interplanetary  dust  mainly 
leads  to  a  sinusoidal  variation  in  the  ecliptic  latitude  of 
the  peak  brightness  of  the  zodiacal  light  by  a  few  degrees. 
Figure  51  shows  this  variation  as  observed  at  25  /xm  from 
COBE.  In  these  measurements,  the  remaining  yearly  peak 
flux  variation  of  5  —  10%  is  almost  exclusively  due  to  the 
change  in  heliocentric  distance.  Miscomi  (1977)  has  used 
an  approximate  method  to  predict  the  expected  position 
of  the  brightness  maxima  in  the  visible  zodiacal  light  for 
elongations  of  e  =  2°  —  180°  (typically,  the  positions  vary 
by  a  couple  or  a  few  degrees;  at  elongations  >  150°  the 
approximation  he  uses  gets  unreliable). 

8.7.3.  Plane  of  symmetry  of  interplanetary  dust 

The  seasonal  variations  discussed  above  have  repeatedly 
been  used  to  determine  the  plame  of  symmetry  of  inter¬ 
planetary  dust.  This  midplane  of  the  interplanetary  dust 
distribution  appears  to  vary  with  heliocentric  distance,  as 
summarised  in  Table  20,  compiled  from  Reach  (1991).  For 
comparison,  we  give  here  also  inclinations  and  ascending 
nodes  for  Venus,  Mars  and  the  invariable  plane  of  the  so¬ 
lar  system  (i  =  3.4°,  f2  =  76°;  i  —  1.8°,  fl  =  49°;  i  =  1.6°, 
n  =  107°). 


Table  20.  Plane  of  symmetry  of  interplanetary  dust 


Range  (AU) 

Q  (°) 

i(°) 

Ref 

Remarks 

03-1.0 

87±4 

3.0±0.3 

1 

optical 

asl.O 

96±15 

1  5±0.4 

2 

optical 

79±3 

1.7±0  2 

3 

infrared 
at  poles 

«1  3 

55±4 

1.4+0  1 

4 

infrared 
in  ecliptic 

«3 

==>96 

Kil.l 

5 

asteroidal 

bands 

References:  1)  Leinert  et  al.  (1980b)  Dumont  &  Levasseur- 
Regourd  (1978)  Reach  (1991)  4)  Hauser  (1988)  Sykes 
(1985) 


Fig.  50.  Yearly  brightness  variations  in  the  zodiacal  light  at 
the  ecliptic  poles,  observed  at  25  pm  by  the  DIRBE  experiment 
on  infrared  satellite  COBE  The  variation  is  dominated  by  the 
effect  of  the  tilt  of  the  symmetry  plane  but  also  includes  the 
variation  due  to  the  changing  heliocentric  distance  of  the  earth. 
From  Dermott  et  al.  (1996b) 


8.8.  Structures  in  the  zodiacal  light 

Notwithstanding  the  variety  of  sources  contributing  to  the 
interplanetary  dust  population,  the  zodiacal  light  in  gen¬ 
eral  is  quite  smooth,  and  it  was  found  to  be  stable  to  «  1% 
over  more  than  a  decade  (Leinert  &  Pitz  1989).  However, 
there  are  fine  structures  on  the  brightness  level  of  a  few 
percent,  most  of  which  have  been  detected  by  the  IRAS 
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Fig.  51.  Yearly  variation  of  the  ecliptic  latitude  of  zodiacal  light  peak  brightness  (left)  and  yearly  variation  of  peak  brightness 
(right)  observed  at  25  /um  at  elongation  e  =  90  °  By  the  DIRBE  experiment  on  infrared  satellite  COBE.  Open  circles  refer  to 
the  leading  (apex),  filled  circles  to  the  trailing  (antapex)  direction  From  Dermott  et  al  (1996a, b) 


Table  21.  Properties  of  dust  bands  from  Gaussian  fits 


Band 

12  /rm 

25  fim 

60  /rm 

Peak  surface  brightness  (MJy 

sr"^) 

7  northern 

0.4±0.2 

1  1±0.5 

0  8±0.4 

Q,  /3  northern 

1.1±0.5 

3.0±1.0 

1.5±0.5 

a,  (3  southern 

1.4±0.3 

2.9±1.2 

1.6±0  6 

7  southern 

0.6±0.3 

0  8±0  3 

0.7T0.4 

Average 

geocentric  latitude  of  peak  (°) 

7  northern 

9.7±0.1 

9.6±0.1 

9.6T0.2 

a,  d  northern 

1.4L0.1 

1.4F0.1 

1.4±0  1 

a,  P  southern 

-1.4T0.1 

-1.4T0.1 

-1.4±0.1 

7  southern 

-9.7F0.1 

-9.6±0  1 

-9  6±0.1 

Full  width  at  half  maximum  brightness  (°) 


7  northern 

3.3±1.3 

3.7±1.1 

3.2T1.5 

a,P  northern 

3.3±1.1 

3.3±1.2 

3.2T1.2 

a,P  southern 

3.7±1  3 

3.3T1.2 

3  4±1.4 

7  southern 

2.8±1.1 

3.1±0.8 

3.0T1.4 

infrared  sky  survey;  asteroidal  bands,  cometary  trails,  and 
a  resonant  dust  ring  just  outside  the  Earth’s  orbit.  They 
are  included  here  because  of  their  physical  importance; 
they  also  represent  upper  limits  in  brightness  to  any  other 
structures  which  still  might  be  hidden  in  the  general  zodi¬ 
acal  light  distribution.  The  rms  brightness  fluctuations  of 
the  zodiacal  light  at  25  fim  have  been  found  by  observa¬ 


tions  from  the  satellite  ISO  in  a  few  half-degree  fields  to 
be  at  most  ±0.2%  (Abraham  et  al.  1997). 

Asteroidal  bands 

They  were  seen  in  the  IRAS  infrared  scans  across  the  eclip¬ 
tic  as  bumps  in  the  profile  near  ecliptic  latitude  /3  =  0° 
and  as  shoulders  at  «  10°  (Low  et  al.  1984,  see  Fig.  52). 
The  bands  near  the  ecliptic  plane  have  been  called  a  and 
(3  (counted  from  ecliptic  latitude  /3  =  0°  outwards),  the 
ones  around  j3  =  10°  have  been  called  7  bands.  Their 
peak  brightness  is  1%  —  3%  of  the  in-ecliptic  zodiacal  light 
brightness,  their  width  at  half  maximum  «  2  —  3°  (Reach 
1992,  but  the  detailed  values  depend  on  the  method  ac¬ 
tually  used  to  fit  the  bumps,  in  this  case  by  Gaussians). 
They  are  thought  to  be  the  result  of  major  collisions  in  the 
asteroid  belt,  in  the  Themis  and  Koronis  families  for  the 
a  and  (3  bands,  in  the  Eos  family  for  the  higher  latitude  7 
bands  (Dermott  et  al.  1984).  The  collisional  debris  then  is 
expected  to  be  mainly  distributed  along  the  walls  of  widely 
opened,  slightly  tilted,  sun-centered  cones.  Therefore  the 
ecliptic  latitudes  at  which  these  bands  occur  vary  both 
with  the  annual  motion  of  the  observer  (the  earth  in  most 
cases)  and,  at  a  given  date,  with  the  elongation  from  the 
sun.  Formulae  to  predict  the  position  of  the  maximum 
with  help  of  a  simplified  geometrical  model  are  given  by 
Reach  (1992).  Figure  53,  resulting  from  an  analysis  of  the 
IRAS  data,  gives  a  good  impression  of  the  resulting  yearly 
sinusoidal  latitude  variation.  Table  21  (taken  again  from 
Reach  1992)  summarises  the  average  observed  properties 
of  the  asteroidal  dust  bands  in  the  case  Gaussian  fitting 
is  used  to  measure  the  bumps  in  the  general  distribution 
of  zodiacal  light.  There  must  be  in  addition  an  underlying 
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Fig.  52.  Scans  through  the  ecliptic  at  ecliptic  longitude  A  = 
1°  on  June  24,  1983.  The  approximate  galactic  coordinates  for 
the  point  at  ±30°  ecliptic  latitude  are  given.  The  curves  are 
labelled  by  the  wavelength  of  measurement  in  pm.  A  rough  cal¬ 
ibration  is  given  by  the  bar  at  upper  left,  the  length  of  which 
corresponds  to  12,  30,  10  and  6  MJy/sr  in  the  wavelength  bands 
from  12  pm  to  100  pm.  The  dashed  curve  illustrates  how  a  com¬ 
pletely  smooth  zodiacal  light  distribution  might  have  looked. 
The  arrows  indicate  the  positions  of  the  asteroidal  bands.  The 
100  pm  profile  is  strongly  distorted  by  thermal  emission  from 
interstellar  dust  (“cirrus”).  Adapted  from  Low  et  al  (1984) 

distribution  of  asteroidal  debris  particles  of  about  10%  of 
the  zodiacal  light  brightness,  which  cannot  be  seen  sep¬ 
arately  from  the  general  zodiacal  light  Note  that  Sykes 
(1988)  resolved  the  a  and  bands  also  into  band  pairs, 
with  a  FWHM  of  «  0.5°  for  each  of  the  components.  The 
claim  for  eight  additional,  though  weaker  bands  between 
j3  =  —22°  and  /3  —  ±21°  (Sykes  1988)  should  be  taken 
with  reservation  and  can  be  neglected  here. 

Cometary  trails 

These  trails  have  been  seen  in  the  IRAS  infrared  sky 
survey  stretching  along  the  orbit  of  a  few  periodic 
comets,  which  were  in  the  perihelion  part  of  their  orbit 
(Sykes  et  al.  1986).  These  were  the  comets  Tempel  2, 
Encke,  Kopff,  Tempel  1,  Gunn,  Schwassmann-Wachmann 
1 ,  Churyumov-Gerasimenko  and  Pons-Winnecke,  but  also 
nine  faint  orphan  trails  without  associated  comet  were 
found  (Sykes  &  Walker  1992).  The  trails  typically  extend 
10°  behind  and  1°  ahead  of  the  comet,  their  brightness  de¬ 
creasing  with  increasing  distance  from  the  comet  They  are 


ecliptic  longitude 


Fig.  53.  Observed  ecliptic  latitude  of  the  peak  brightness  of 
the  asteroidal  bands  as  function  of  the  ecliptic  longitude  of  the 
viewing  direction  (basically  as  function  of  the  orbital  motion  of 
the  earth) .  The  expected  sinusoidal  variation  is  evident  but  dis¬ 
torted,  since  the  elongation  of  the  viewing  direction  was  mod¬ 
ulated  on  an  approximately  monthly  timescale,  and  because 
observations  both  east  and  west  of  the  sun  were  contained  in 
the  data  set.  Taken  from  Reach  (1992) 

thought  to  consist  of  roughly  mm-sized  particles  ejected 
from  the  comet  during  times  of  activity  over  many  years 
(Sykes  et  al.  1990).  The  trails  are  bright  enough  to  be  seen 
above  the  zodiacal  light  only  when  the  comets  are  near 
perihelion  and  the  dust  in  the  trails  is  warm.  The  width 
of  the  trails  is  about  one  arcminute,  for  comet  Tempel  2 
it  has  been  determined  to  45"  ±  2"  («  30000  km) .  Trail 
brightnesses  are  of  the  order  of  1%  of  the  zodiacal  light 
brightness  near  the  ecliptic.  Examples  are  given  in  Table 
22,  taken  in  shortened  form  from  Sykes  &  Walker  (1992). 
Other  periodic  comets  in  the  perihelion  part  of  their  orbit 
are  expected  to  behave  similarly.  A  new  observation  of  the 
comet  Kopff  trail  from  ISO  (Davies  et  al.  1997)  has  shown 
changes  in  the  trail  since  the  observations  by  IRAS,  and 
measured  a  trail  width  of  «  50". 

The  somewhat  related  brightness  enhancements  along 
some  meteor  streams,  seen  in  the  visible  from  the  satel¬ 
lite  D2A-Tournesol,  have  not  been  confirmed,  neither  by 
the  photometric  experiment  on  the  Helios  space  probes 
(Richter  et  al.  1982)  nor  from  IRAS.  They  probably  are 
fainter  than  originally  thought  and  certainly  of  lower  sur¬ 
face  brightness  in  the  infrared  than  cometary  trails  or  as¬ 
teroidal  bands. 

The  resonant  dust  ring  outside  the  Earth’s  orbit 

A  leading/ traihng  asymmetry,  with  the  zodiacal  light 
at  elongation  90°  being  brighter  in  the  trailing 


Ch.  Leinert  et  al.:  The  1997  reference  of  diffuse  night  sky  brightness 


51 


Table  22.  Photometry  of  cometary  trails 


Comet 

R(AU) 

A(AU) 

Ae(°)“) 

Fu{12  pm) 
(MJy^r) 

Fu(25  pm) 
(MJy/sr) 

F,/(60  pm) 
(MJy^r) 

F„(100  pm) 
(MJy/sr) 

Encke 

3.926 

3  779 

52.8 

- 

0.07±0.01 

0  06F0.01 

Gunn 

2.681 

2  473 

0.82 

0.22±0.06 

0.97±0  08 

0.55±0.03 

- 

Kopff 

1.577 

0.953 

0.53 

1  04±0.14 

1.19±0.20 

- 

- 

S-W  1 

6.287 

6  281 

0.96 

- 

0  11T0.02 

0.15F0.02 

0.10±0.02 

Temp  el  2 

1.460 

1.149 

0.37 

2.44±0.09 

3.93±0.14 

1.54±0.035 

- 

A©(°)  is  angular  distance  behind  comet  in  mean  anomaly. 


Fig.  54.  Distribution  of  excess  zodiacal  light  brightness  due 
to  the  resonant  dust  ring  outside  the  earth’s  orbit  according  to 
CODE  measurements  (Reach  et  al.  1995b).  In  this  presenta¬ 
tion,  the  position  of  the  sun  is  at  the  center,  the  ecliptic  runs 
horizontally  through  it,  the  ecliptic  north  pole  is  at  top,  the 
black  central  circle  is  the  region  inaccessible  to  CORE  within 
60°  elongation  from  the  sun,  and  the  two  bright  spots  at  90° 
from  the  sun  on  the  ecliptic  are  at  left  the  trailing  (antapex) 
enhancement  due  to  this  dust  ring,  with  a  peak  brightness 
of  1  7  MJy/sr  at  25  pm,  and  at  right  the  corresponding  but 
weaker  enhancement  in  leading  (apex)  direction.The  S-shaped 
bright  strip  crossing  the  image  is  due  to  the  Milky  Way 


(antapex)  direction,  has  been  found  in  the  IRAS  obser¬ 
vations  (Dermott  et  al.  1988,  1994)  and  has  been  con¬ 
firmed  by  measurements  of  the  DIRBE  experiment  on 
board  the  COBE  spacecraft  (Reach  et  al.  1995b).  From 
the  COBE  measurements,  the  excess  in  the  trailing  direc¬ 
tion  in  January  1990  was  0.05  ±  0.01  MJy/sr  or  4  8  ±  1.0% 
at  4.9  /xm,  1.1  ±  0.2  MJy/sr  or  2.8  ±  0.5%  at  12  pm 
and  1  7  ±  0.1  MJy/sr  or  2.4  ±  0.15%  at  25  pm.  The  re¬ 
gion  of  enhanced  brightness  in  the  trailing  direction  is  at 
«90°  from  the  sun,  extending  30°  (FWHM)  in  latitude 
and  15°  (FWHM)  in  longitude  (see  Fig.  54,  taken  from 
Reach  et  al.  1995b).  In  the  leading  direction  there  is  a 
smaller  enhancement  aroimd  elongation  80°. 


These  are  quite  extended  structures  (see  Fig.  54).  They 
are  explained  by  resonant  interaction  of  the  orbiting  earth 
with  interplanetary  particles  drifting  closer  to  the  sun  un¬ 
der  the  action  of  the  Poynting-Robertson  effect.  This  in¬ 
teraction  leads  to  an  inhomogeneous  torus  of  enhanced 
dust  density  just  outside  the  earth’s  orbit,  with  the  earth 
sitting  in  a  gap  of  this  torus  and  the  largest  enhancement 
following  it  at  a  few  tenths  of  an  AU.  The  resonant  ring 
structure  therefore  is  expected  to  be  a  persistent  feature 
of  the  zodiacal  light. 

8.9.  The  zodiacal  light  seen  from  other  places 
8.9.1.  Inside  the  solar  system 

The  decrease  of  zodiacal  light  brightness  seen  in  a  given 
viewing  direction,  occuring  when  the  observer  moves  to 
larger  heliocentric  distances,  has  been  measured  along  the 
echptic  in  the  visual  out  to  3  AU  (Pioneer  10,  Toller  &: 
Weinberg  1985)  and  can  be  reasonably  predicted  also  for 
the  infrared.  The  change  to  be  expected  when  moving  out 
of  the  ecliptic  plane  is  less  well  known,  but  can  be  pre¬ 
dicted  from  models  fitting  the  out-of-ecliptic  observations 
obtained  from  in-ecliptic  positions  at  earth  orbit. 

For  the  infrared.  Fig.  55  shows  the  predicted  bright¬ 
nesses  in  viewing  directions  parallel  to  the  ecliptic  and 
towards  the  ecliptic  pole  for  an  observer  moving  from  1 
AU  to  3  AU  in  planes  of  different  height  above  the  eclip¬ 
tic.  The  outward  decrease  is  stronger  for  12  pm  than  for 
25  pm.  This  is  because  the  thermal  emission  of  interplan¬ 
etary  dust  is  close  to  black-body  radiation,  and  for  black- 
body  radiation  with  decreasing  temperature  the  shorter 
wavelengths  first  enter  into  the  exponential  decrease  of 
the  Wien  part  of  the  emission  curve. 

For  the  visual.  Fig.  56  shows  the  corresponding  de¬ 
crease  for  the  visual  zodiacal  light  brightness  when  the 
observer  moves  from  1  AU  to  3  AU  in  planes  of  different 
height  above  the  ecliptic.  Only  one  curve  is  shown,  since 
any  colour  dependence  is  expected  to  be  small. 

The  careful  reader  will  note  that  the  visual  in-ecliptic 
brightness  decreases  a  little  slower  with  increasing  dis¬ 
tance  than  given  in  Sect.  8.2  This  is  because  Giese  (1979) 
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distance  from  Sun  Ro  (AU) 


Fig.  55.  Decrease  of  infrared  zodiacal  light  brightness  when  moving  out  of  the  ecliptic  plane.  Left:  for  a  viewing  direction 
parallel  to  the  ecliptic  plane  at  elongation  e  =  90“ .  Right:  for  a  viewing  direction  towards  the  ecliptic  pole.  The  calculations 
have  been  done  for  a  position  of  the  observer  in  the  ecliptic  (Zo  =  0  AU)  and  heights  above  of  the  ecliptic  of  0.5  AU  and  1.0 
AU,  as  indicated  in  the  figure.  Ro  is  the  heliocentric  distance  of  the  observer,  projected  into  the  ecliptic  plane.  The  solid  and 
broken  lines  give  the  predicted  run  of  brightness  with  heliocentric  distance  for  a  wavelength  of  25  nm  and  12  pm,  respectively. 
The  calculations  have  assumed  grey  emission  of  the  interplanetary  particles,  and  radial  decreases  of  spatial  density  ~  r~^  and 
of  particle  temperature  ~  r~°  (W.  Reach,  private  communication) 


used  a  slightly  different  heliocentric  radial  brightness  gra¬ 
dient,  7(R)  ~  The  decrease  as  function  of  height 

above  the  ecliptic  Zq  is  tjrical  for  the  models  of  three- 
dimensional  dust  distribution  being  discussed  to  explain 
the  distribution  of  zodiacal  light  brightness  (Giese  et  al. 
1986).  Since  the  three-dimensional  dust  distribution  is  not 
very  well  known,  the  decreases  shown  in  Figs.  55  and  56 
cannot  be  very  accurate  either. 

8.9.2.  Surface  brightness  seen  from  outside  the  solar 
system 

Since  the  interplanetary  dust  cloud  is  optically  very  thin, 
the  pole-on  surface  brightness  at  1  AU  is  just  twice  the 
polar  surface  brightness  observed  from  the  earth,  and  the 
edge-on  surface  brightness  just  twice  the  brightness  ob¬ 
served  at  elongation  90°  in  the  ecliptic.  The  same  type  of 
relations  hold  for  other  heliocentric  distances. 

The  brightness  in  an  annulus  extending  over  a  range  of 
heliocentric  distances  has  to  be  obtained  by  integration. 
The  total  brightness  as  seen  from  outside  very  much  de¬ 
pends  on  the  distribution  of  interplanetary  dust  near  the 
sun,  and  therefore  is  strongly  model  dependent.  E.g.,  at 
least  in  the  optical  wavelength  range  an  annulus  of  width 
dr  [AU]  has  a  brightness  ~  dr  over  a  large  region  of 
the  inner  solar  system,  making  the  integrated  brightness 
contribution  strongly  peaked  towards  the  solar  corona.  In 
discussions  of  future  planet-searching  spacecraft  (called 
DARWIN  (Leger  et  al.  1996)  and  Terrestrial  Planet  Finder 
(Angel  &  Woolf  1997))  a  value  of  integrated  zodiacal  light 


brightness  at  10  pm,  when  seen  from  a  distance  of  10  pc, 
of  70  pjy,  300  to  400  times  brighter  than  the  Earth,  is 
assumed  (3.5  10~®  of  the  solar  brightness). 

9.  Coronal  brightness  and  polarisation 
ff.l.  Overview 

The  brightness  of  the  corona  surrounding  the  solar  disk 
is  composed  of  three  main  components:  i)  Thomson- 
scattered  light  from  free  electrons  in  the  solar  environment 
(K-corona)  which  is  highly  variable  in  space  and  time,  ii) 
emission  from  coronal  ions,  especially  in  highly  ionised 
states,  and  iii)  contributions  due  to  interplanetary  dust 
(F-corona):  solar  radiation  scattered  on  the  dust  parti¬ 
cles  in  the  visual,  as  well  as  thermal  emission  of  these 
dust  particles  in  the  near  and  middle  infrared  regime.  The 
F-corona  dominates  the  visible  coronal  brightness  from 
about  3  TZq  distance  from  the  center  of  the  Sun  outward 
and  has  an  increasing  contribution  to  the  total  coronal 
brightness  at  longer  wavelengths  (see  Fig.  57). 

For  measurements  in  the  corona,  the  elongation  e  is  of¬ 
ten  expressed  in  units  of  Rq  ,  i  e.  in  terms  of  the  minimum 
projected  distance  r  of  the  line  of  sight  from  the  center  of 
the  Sun.  Because  the  solar  radius  is  Rq  =  1  AU/214.94 
(Allen  1985),  1°  in  elongation  corresponds  to  3.75  Rq 
(and  1  Rq  to  16.0'),  while  more  generally  for  an  observer 
at  the  earth 

1  i?(V) 

sine  =  r[RQ]- (27) 
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Fig.  56.  Decrease  of  the  visual  brightness  of  the  zodiacal  light  when  the  observer  moves  out  of  the  ecliptic.  Left:  for  a  viewing 
direction  parallel  to  the  ecliptic  plane  at  elongation  e  =  90°.  Right:  for  a  viewing  direction  towards  the  ecliptic  pole.  The  curves 
show  how  the  brightness  changes  with  projected  heliocentric  distance  Ro  (measured  in  the  ecliptic)  for  different  heights  Zo 
above  the  ecliptic  plane  (interpolated  from  Giese  1979) 


As  mentioned  in  Sect.  2,  coronal  brightnesses  often  are 
expressed  in  terms  of  the  average  brightness  of  the  so¬ 
lar  disk  as  B/Bq,  where  1  BIBq  =  2.22  10^®  S'lO©  = 
1.47  10^  Fq/sv. 

9.2.  K-corona  separation 

The  main  uncertainty  in  determination  of  the  inner  F- 
corona  is  the  separation  from  the  K-coronal  brightness.  A 
common  method  of  separation  is  based  on  the  assumption 
that  the  F-coronal  brightness  is  produced  by  diffraction 
of  dust  near  the  observer  and  hence  unpolarized.  This  ap¬ 
proach  may  be  suitable  for  distances,  respectively  elon¬ 
gations  of  <  5  Rq,  the  increasing  polarization  of  the  F- 
corona  at  larger  elongations  (Blackwell  et  al.  1967)  how¬ 
ever  leads  to  errors  of  this  subtraction  method.  A  fur¬ 
ther  method  of  K-coronal  separation  uses  the  depth  of 
Fraunhoferiines  in  the  Solar  spectrum.  Both  methods  are 
described  in  Blackwell  et  al.  (1967). 

9.3.  Atmospheric  and  instrumental  stray  light 

Ground-based  coronal  observations  generally  are  made 
during  solar  eclipses,  with  the  local  sky  brightness  con¬ 
stituting  the  main  disturbance  to  be  corrected  for.  The 
eclipse  sky  background  on  the  ground  may  vary  consid¬ 
erably  with  daily  conditions  as  well  as  eclipse  site.  An 
early  work  by  Blackwell  et  al.  (1967)  cites  values  of  (1.8  — 
19)  10~^°  Bq  for  the  eclipse  sky  background  in  the  visible 
light,  i.e.  at  wavelengths  from  500  to  830  nm.  For  2.12  p,m, 
MacQueen  &  Greeley  (1995)  report  a  value  of  10~^°  Bq 
during  the  1991  eclipse  sky  firom  Hawaii.  However,  these 
measurements  suffered  from  thin  clouds  and  the  presence 


of  high  altitude  aerosols  from  the  Pinatubo  eruption.  The 
enhanced  circumsolar  sky  brightness  caused  by  diffraction 
on  aerosols  is  called  solar  aureole.  It  may  vary  with  elon¬ 
gation,  and  may  be  described  as  a  function  A(r).  Diirst 
(1982)  derives  values  of  about  10“^^  to  10~®  Bq  and  a 
radial  gradient  according  to  r~^  at  600  nm  wavelength. 
Infrared  results  differ  at  the  1991  eclipse,  but  MacQueen 
&  Greeley  (1995)  find  a  description  A{r)  ~  for  the 
region  from  3  to  9  Rq  and  a  constant  value  of  2  10“®  W 
cm~^  ^m“^  sr~^  (i.e.  10”^°  Bq)  beyond  for  the  infrared 
aureole  during  the  1991  eclipse.  Instrumental  straylight  for 
externally  occulted  systems  on  satellites  presently  achieve 
straylight  levels  in  the  10“^°  to  10“^^  Bq  range  and 
hence  enable  coronal  observations  out  to  at  least  30  Rq 
(Bruckner  et  al.  1995). 

The  values  of  polarization  in  the  eclipse  sky  back¬ 
ground  range  from  7.5%  to  30%  for  ground  based  obser¬ 
vations. 

9.4.  Visual  brightness 

Observations  of  the  F-corona  brightness  (Fig.  58)  are 
made  during  solar  eclipses  from  ground,  from  rockets  and 
from  balloons  in  the  visible  and  near  infrared  regime.  Data 
were  taken  as  well  from  space  borne  coronagraphs. 

An  early  review  of  the  visible  coronal  observations  was 
given  by  Blackwell  et  al.  (1967).  They  gave  a  description 
of  the  F-corona  data  as  the  continuation  of  the  zodia¬ 
cal  light.  A  more  recent  review  was  given  by  Koutchmy 
&  Lamy  (1985)  including  already  infrared  observations. 
They  describe  the  visible  F-corona  brightness  at  wave¬ 
length  400  nm  <  A  <  600  nm  as  proportional  to 
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elongation  (degree) 
r  T  3“  4°  5°  15° 


Fig.  57.  The  visible  equatorial  and  polar  F-corona  bright- 
-nesses  in  comparison  to  typical  values  for  K-corona,  the  aure¬ 
ole  (circumsolar  sky  brightness  enhancement)  and  instrumen¬ 
tal  straylight  levels.  At  15°,  the  brightnesses  mertsured  in  the 
zodiacal  light  (see  Sect.  8)  are  included 

at  the  equator  and  at  the  solar  poles,  based  on  a 

*  continuation  of  the  zodiacal  light  data. 

A  measurement  of  the  1980  eclipse  (Diirst  1982)  yields 
a  radial  slope  proportional  to  in  the  equator  and 

at  the  poles  when  only  fitting  the  slope  to  the  eclipse 
observations  in  the  range  from  2  to  10  i?Q.  Observations 
by  Michard  (1954)  of  the  1952  eclipse  are  fairly  close  to 
the  model  corona  suggested  by  Koutchmy  &  Lamy  (1985), 
whereas  the  Blackwell  data  and  the  more  recent  observa¬ 
tions  by  Diirst  are  a  httle  lower.  Observations  from  the 
Apollo  16  spacecraft  describe  the  equatorial  brightness  be¬ 
yond  20  i?Q  as  ~  r~^  (MacQueen  et  al.  1973). 

We  suggest  to  use  for  the  visual  spectral  region  a  radial 
slope  of  the  brightness  as  in  the  equator  and  ® 
at  the  pole  (see  Table  23).  This  takes  the  recent  measure¬ 
ments  into  account  as  well  as  the  fact  that  the  scattering 
properties  change  due  to  the  increasing  diffraction  peak 
at  small  scattering  angles. 


Fig.  58.  The  visible  F-corona  brightness,  as  measured  along 
the  ecliptic  and  the  polar  meridian.  Asterisks;  Blackwell  (1995) 
(1954  eclipse);  diamonds;  Michard  et  al.  (1954)  (1952  eclipse); 
triangles  Diirst  (1982);  squares  Maihara  et  al.  (1985)  The 
power  laws  best  representing  these  data  are  shown  as  solid 
lines 


Wavelength  [fiml 


Fig.  59.  The  equatorial  F-corona  brightness  at  4  Rq. 
Diamonds;  Maihara  et  al.  (1985),  cross;  Smartt  (1973),  tri¬ 
angles;  MacQueen  (1968)  (lower  values),  MacQueen  &  Greeley 
(1995)  (upper  value);  squares;  Peterson  (1967)  The  dashed  line 
gives  the  solar  spectrum  normalized  to  wavelength  0.55  fim 
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Table  23.  Proposed  approximations  to  the  F-coronal  bright¬ 
ness  distribution 


<  A  > 

region 

/(A)  at  4  Rq 

radial  slope 

(/rm) 

(W /xiP  sr  fim) 

0.5 

equatorial 

2.8  10-^ 

r-2S 

polar 

1  8  10“^ 

2.12 

equatorial 

«  5  10“® 

polar 

«  4  10-® 

^-2  3 

For  comparison:  at  500  nm,  1  10  ®  BjBQ  =  2.84  10  ^ 
W/m^sr  pm. 

9.5.  Polarization  and  colour 

Due  to  the  difficulties  of  K-corona  separation,  mentioned 
above,  the  polarization  of  the  F-corona  brightness  is  not 
fully  understood  so  far.  Figure  60  describes  some  data  of 
the  polarization  of  the  total  visible  F-coronal  brightness 
together  with  two  models  of  F-corona  polarization.  The 


Elongation  r/Rg 

Fig.  60.  The  polarization  of  the  total  coronal  brightness 
compared  to  the  extrapolated  zodiacal  light  model  and  the 
F-corona  polarization  according  to  Blackwell  et  al.  (1967) 

first  case  is  the  polarization  curve  extrapolated  from  the 
Zodiacal  light  polarization  according  to  Eq.  (16),  the  sec¬ 
ond  case  is  the  polarization  derived  by  Blackwell  et  al. 
(1967).  The  classical  coronal  model  suggested  in  Blackwell 
et  al.  gives  almost  no  F-corona  polarization  within  10  Rq. 
Furthermore,  it  has  been  suggested  that  an  irregular  slope 
of  the  F-corona  polarization  could  either  result  from  the 
beginning  of  the  dust  free  zone  around  the  Sun  or  re¬ 
flect  the  existence  of  a  dust  ring.  Observations  of  the  1991 
eclipse  show  no  hump  in  the  polarization  between  3  and 
6.4  Rq  and  give  an  upper  limit  of  10%  for  the  polariza¬ 
tion. 

Similar  to  the  uncertainties  in  the  determination  of  ab¬ 
solute  brightness  levels,  the  colour  of  the  coronal  bright¬ 


ness  is  not  well  defined  (see  Fig.  59).  Since  both,  thermal 
emission  of  dust  as  well  as  a  spectral  change  of  scattering 
properties  cause  a  reddening  of  the  F-corona  (Mann  1993), 
we  can  expect  reddening  to  vary  within  the  corona.  As 
far  as  the  visible  F-corona  is  concerned,  several  estimates 
of  the  colour  are  either  describing  only  the  inner  corona 
or  may  be  biased  from  uncertain  calibrations.  However  it 
seems  to  be  proven  that  the  reddening  is  stronger  than 
in  the  Zodiacal  light  and  is  also  stronger  than  the  red¬ 
dening  of  the  inner  Zodiacal  light  extrapolated  to  smaller 
elongations  (Koutchmy  &  Lamy  1985). 

9.6.  Infrared 

9.6.1.  Near- infrared  brightness 

Different  values  of  the  F-corona  brightness  at  4  Rq  in  the 
near  infirared  are  shown  in  Fig.  59  in  comparison  to  the 
solar  spectral  slope  from  Allen  (1985),  normalized  to  the 
F-coronal  brightness  at  0.5  /am.  Although  the  differences 
between  data  sets  are  still  large,  the  majority  of  data  at 
longer  wavelengths  is  above  the  extrapolated  solar  spec¬ 
trum,  indicating  a  contribution  from  the  thermal  emission 
of  dust  near  the  Sun. 

Only  the  early  infrared  observations  do  not  follow  this 
trend. 

The  radial  slope  of  the  near  infrared  F-corona  bright¬ 
ness  can  be  derived  from  observations  of  the  1991  eclipse 
(Hodapp  et  al.  1992;  Kuhn  et  al.  1994;  MacQueen  et  al. 
1994),  however  the  sky  conditions  were  mediocre,  as  men¬ 
tioned  above,  and  no  accurate  photometry  was  possible. 
The  equatorial  brightness  was  described  as  J5  ~  and 
the  polar  brightness  as  B  ~  for  regions  inside  8  Rq. 
Observations  of  the  1973  eclipse  by  Smartt  (1973)  in  the 
near-infrared  (A  =  1.03  fxui)  show  a  similar  radial  slope  of 
r~^  ®  between  3  Rq  and  5  Rq  and  of  ^  in  the  outer 
corona. 

9.6.2.  Mid-infrared  brightness 

An  important  constituent  of  interplanetary  dust  particles 
is  silicate,  which  exhibits  a  pronounced  reststrahlen  band 
in  the  10  /rm  wavelength  region.  An  enhanced  brightness 
of  the  mid  infrared  corona  could  reveal  for  instance  the 
presence  of  small  silicate  particles  near  the  Sun  (cf.  Kaiser 
1970).  Unfortunately,  data  in  the  mid  infrared  regime  are 
biased,  either  by  scattered  light  components  from  a  win¬ 
dow  in  case  of  aircraft  measurements  (Lena  et  al.  1974), 
or  by  strong  atmospheric  emission  and  fluctuations  in  the 
case  of  observations  from  ground  (Mankin  et  al.  1974). 

9.6.3.  IR  -  humps  and  dust  rings 

The  first  measurement  of  the  near  infrared  coronal  bright¬ 
ness  showed  a  deviation  of  the  slope  from  a  continuous  in¬ 
crease  within  the  corona,  with  brightness  enhancements 
by  a  factor  of  3  —  3.5.  Several  of  these  humps  were 
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seen  by  Peterson  (1967)  and  MacQueen  (1968),  and  later 
checked  by  Isobe  et  al.  (1985),  Mizutani  et  al.  (1984),  and 
ToUestrup  et  al.  (1994).  Model  calculations  by  Mukai  & 
Yamamoto  (1979)  showed  that  these  humps  could  be  ex¬ 
plained  by  a  djrnamical  effect  that  produces  dust  rings 
around  the  Sim.  It  is  also  possible  that  a  hump  of  the  in¬ 
frared  brightness  is  produced  when  the  line  of  sight  crosses 
the  beginning  of  a  dust  free  zone  (Mann  1992).  A  model 
calculation  by  Kimmra  et  al.  (1997)  shows  that  this  effect 
may  depend  on  the  material  composition  of  dust  near  the 
Sun.  However,  there  have  been  several  unpublished  obser¬ 
vations  which  could  not  detect  a  dust  ring  (see  Isobe  1993), 
and  observers  of  the  1991  eclipse  could  not  confirm  the  ex¬ 
istence  of  humps  in  the  near  infrared  brightness  (Hodapp 
et  al.  1992;  Kuhn  et  al.  1994;  ToUestrup  et  al.  1994).  In 
this  context  we  should  mention  that  the  presently  avail¬ 
able  data  do  not  allow  for  a  study  of  temporal  effects  in 
the  F-coronal  brightness,  such  as  the  appearance  of  dust 
clouds  from  sim-grazing  comets  or  temporal  dust  rings. 

10.  Integrated  starlight 

10.1.  Model  predictions  based  on  star  counts 

The  combined  light  from  unresolved  stars  contributes  to 
the  sky  brightness  from  the  ultraviolet  through  the  mid- 
infrared,  with  the  contribution  being  dominated  by  hot 
stars  and  white  dwarfs  at  the  shortest  wavelengths,  main 
sequence  stars  at  visual  wavelengths,  and  red  giants  in  the 
infrared  (Mathis  et  al.  1983).  The  integrated  starlight  con¬ 
tribution  to  the  sky  brightness  depends  on  the  ability  of 
an  experiment  to  resolve  out  the  brightest  stars,  which  in 
turn  depends  on  the  Galactic  latitude.  If  we  suppose  that 
stars  brighter  than  flux  Fq  are  resolved  and  excluded  from 
the  diffuse  sky  brightness,  then  the  integrated  starlight 
contribution  is  the  integral  over  the  line  of  sight  of  the 
brightness  contributions  from  stars  fainter  than  Fo, 


K  =  0  corresponds  to  Fy  =  670  Jy  (Campins  et  al.  1985), 
and  there  is  of  order  1  star  per  square  degree  brighter 
than  AT  =  6,  and  (extrapolating)  there  is  one  star  per 
square  arcminute  brighter  than  K  =  15.  Thus,  for  com¬ 
parison,  the  DIRBE  survey  (42'  beam,  K  =  4  detection 
hmit)  resolves  about  50%  of  the  starlight  in  the  K  band, 
while  the  DENIS  survey  (limiting  magnitude  K  =  14) 
should  resolve  some  97%.  Similarly,  in  the  far-ultraviolet, 
the  FAUST  survey  resolves  some  96%  of  starlight  (Cohen 
et  al.  1994)  And  at  visible  wavelength^,  star  counts  near 
the  North  Galactic  Pole  (Bahcall  &  Soneira  1984)  also 
show  that  the  visible  surface  brightness  for  low-resolution 
observations  is  strongly  dominated  by  the  brightest  stars 
(fti  6  —  13  mag).  It  is  for  deep  surveys  with  low  angular 
resolution  that  we  address  the  remainder  of  this  discussion 
of  integrated  starlight. 


Table  24.  Surface  brightness  due  to  integrated  starlight  (given 
as  AJa,  respectively  ul^) 


wavelength  (pm) 

surface  brightness  (10  ®Wm  ^sr  ’^) 

h  =  30° 

North  Gal.  Pole 

0.1565 

62 

24 

0  55 

577 

250 

2.2 

205 

105 

12 

6  1 

3.0 

To  estimate  the  contribution  of  integrated  starlight  to 
a  deep  observation,  one  must  sum  the  contribution  from 
each  type  of  star  along  the  line  of  sight.  One  may  recast  the 
integral  in  Eq.  (28)  more  intuitively  by  integrating  over 
the  line  of  sight  for  each  class  of  object  (which  has  a  fixed 
luminosity): 

/oo  r 

d5s2ni(s)~,  (30) 


where  ^^^|^dF  is  the  number  of  stars  in  the  flux  range  F 
to  F  +  dF.  for  a  line  of  sight  towards  galactic  coordinates 
l,b.  In  principle,  we  must  also  integrate  the  counts  over 
the  beam  and  divide  by  the  beam  size,  but  in  practice, 
the  variation  in  the  number  of  sources  over  a  beam  is  often 
small  except  for  large  beams  at  low  galactic  latitude.  (In 
those  cases,  Eq.  (28)  is  replaced  by 


Fsl  = 


f  m  [ 

7  beam  Jo 


(29) 


where  Db  is  the  beam  solid  angle  )  The  cumulative  number 
of  sources  increases  less  steeply  than  1/F  for  the  fainter 
stars,  so  that  the  integral  converges;  in  the  near-infrared 
at  2.2  pm,  the  peak  contribution  to  the  sky  brightness 
occurs  for  stars  in  the  range  0  <  AT  <  6.  For  reference, 


where  nt  is  the  number  density  and  Li  the  luminosity 
of  sources  of  type  i.  The  integral  extends  outward  from 
a  given  inner  cutoff  Si  that  depends  on  the  source  type 
through  sf  =  Li/47rFo.  Bahcall  &  Soneira  (1980,  1984) 
constructed  such  a  model,  with  the  Galaxy  consisting  of 
an  exponential  disk  and  a  power-law,  spheroidal  bulge. 
The  shape  parameters  (vertical  scale  height  and  radial 
scale  length  of  the  disk,  and  bulge-to-disk  density  ratio) 
of  the  Galactic  star  distribution  were  optimised  to  match 
the  star  counts.  A  more  detailed  model  (SKY),  both  in 
terms  of  Galactic  shape  and  the  list  of  sources,  has  been 
constructed  by  M.  Cohen  and  collaborators  (Wainscoat 
et  al.  1992;  Cohen  1993,  1994;  Cohen  et  al.  1994;  Cohen 
1995). 

Examples  of  the  surface  brightness  predicted  by  the 
SKY  model  for  two  lines  of  sight  and  four  wavebands,  from 
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Fig.  61.  Fraction  of  integrated  starlight  due  to  stars  brighter  than  a  given  magnitude,  for  two  lines  of  sight:  the  NGP  (dashed 
curves)  and  a  region  at  30°  galactic  latitude  (solid  curves).  Each  panel  is  for  a  different  wavelength:  a)  1565  A,  b)  5500  A,  c) 
2  2  fim,  and  d)  12  /rm.  In  panel  c),  the  vertical  lines  indicate  the  magnitude  limits  adopted  in  analysis  of  DIRBE  (Arendt  et  al 
1997),  IRTS  (Matsumoto  et  al.  1997),  and  DENIS  (Epchtein  1994,  1997)  observations  are  shown 


the  ultraviolet  to  the  mid-infrared,  are  shown  in  Fig.  61. 
Of  these,  the  basis  for  the  ultraviolet  part  is  discussed  in 
more  detail  in  Sect.  10.2.2  below.  Each  curve  in  Fig.  61 
gives  the  fractional  contribution  to  the  surface  brightness 
due  to  stars  brighter  than  a  given  magnitude.  The  total 
surface  brightness  for  each  wavelength  and  line  of  sight  is 
given  in  Table  24.  The  sky  brightness  due  to  unresolved 
starlight  can  be  estimated  for  any  experiment  given  the 
magnitude  limit  to  which  it  can  resolve  stars.  First,  de¬ 
termine  the  fraction,  /,  of  brightness  due  to  stars  brighter 
than  the  limit  using  Fig.  61.  Then,  using  the  total  bright¬ 
ness  of  starlight,  /isl  from  Table  24,  the" surface  brightness 
due  to  unresolved  stars  is  Jisl  x  (1  -  /).  -  For  specific  re¬ 
sults  of  the  SKY  model  contact  Martin  Cohen  directly. 


The  old  compilations  of  integrated  starlight  in  the  vi¬ 
sual  by  Roach  &  Megill  (1961)  and  Sharov  &  Lipaeva 
(1973)  do  not  have  have  high  («  1°)  spatial  resolution 
and  are  not  calibrated  to  better  than  «  15%.  However, 
they  still  give  useful  information,  are  conveniently  avail¬ 
able  in  tabulated  form,  and  have  been  used,  e.g.  in  work 
to  be  discussed  below  in  Sects.  11.2  and  12.2.1. 


10.2.  Ultraviolet 

10  2.1.  Near  ultraviolet  (180  nm  —  300  rnn) 

The  UV  astronomy  experiment  S2/68  (Boksenberg  et  al. 
1973)  provided  catalogs  of  stellar  UV  brightness  over  the 
sky  in  one  photometric  channel  at  274  nm  (AA  =  30  nm) 
and  three  spectroscopic  channels  around  156.5  nm  (AA  = 
33  nm),  196.5  nm  (AA  =  33  nm),  and  236.5  nm  (AA  == 
33  nm).  Gondhalekar  (1990)  integrated  over  the  spectro¬ 
scopic  channels  to  provide  photometric  information  at  all 
of  the  four  UV  wavelengths.  The  photometric  accuracy  is 
»  10%.  Only  the  47039  stars  with  UV  flux  larger  than 
1.0  X  10~^^  ergcm"^  s~^  sr~^  A"’-  (muv  ~  8  mag)  in  at 
least  one  of  the  four  passbands  were  kept  for  calculating 
the  integrated  starlight  brightness  over  the  sky.  The  re¬ 
sulting  brightnesses  are  given  in  Tables  25  to  28. 

Brosch  (1991)  also  attempted  to  produce  a  galaxy 
model  for  the  UV.  He  adapted  the  Bahcall  &  Soneira 
(1980)  galaxy  model  by  suitable  colour  relations  to 
the  150  —  250  nm  sky,  and  added  Gould’s  belt  and 
white  dwarfs.  He  compared  in  his  Fig.  3  the  model  with 
the  limited  results  available  from  a  wide  field  UV  im¬ 
ager  flown  on  Apollo  16  (Page  et  al.  1982)  and  found 
reasonable  agreement  between  his  model  and  these  data. 
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Table  25.  The  intensity  of  stellar  UV  radiation  at  156.5  nm  in  bins  of  10°  x  10°  in  units  of  10~^°  W  sr~^  respectively 

10“^'  ergcm^’^  s“^  sr*”^  The  limits  of  the  bins  are  given  in  degrees  of  galactic  logitude  and  galactic  latitude  with  the  table. 
Only  stars  brighter  than  a  certain  flux  limit  (see  text)  were  included.  From  Gondhalekax  (1990) 
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Table  26.  The  intensity  of  stellar  UV  radiation  at  196.5  nm  in  bins  of  10°  x  10°  in  units  of  10“^°  W  sr~^  respectively 

10~“  ergcm“^  sr”'  The  limits  of  the  bins  are  given  in  degrees  of  galactic  logitude  and  galactic  latitude  with  the  table. 
Only  stars  brighter  than  a  certain  flux  limit  (see  text)  were  included.  Prom  Gondhalekar  (1990) 


aanxilvi  oiiottvo  aanuxn  oixovtvo 
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Table  27.  The  intensity  of  stellar  UV  radiation  at  236  5  nm  in  bins  of  10°  x  10°  in  units  of  10~^°  W  respectively 

10  erg  cm  ^  s  ^  sr  ^  A  The  limits  of  the  bins  are  given  in  degrees  of  galactic  logitude  and  galactic  latitude  with  the  table. 
Only  stars  brighter  than  a  certain  flux  limit  (see  text)  were  included.  From  Gondhalekar  (1990) 
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Table  28.  The  intensity  of  stellar  UV  radiation  at  274  nm  in  bins  of  10°  x  10°  in  units  of  10“*°  W  m“^  sr“*  /^ni“*,  respectively 
10“**  ergctn“*  s“*  sr“*  A“*.  The  limits  of  the  bins  are  given  in  degrees  of  galactic  logitude  and  galactic  latitude  with  the  table. 
Only  stars  brighter  than  a  certain  flux  limit  (see  text)  were  included  Prom  Gondhalekar  (1990) 
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Fig.  62.  Differential  star  counts  as  a  function  of  FUV  magnitude  for  a  position  in  the  galactic  plane  at  I  =  90°  (left)  and 
for  the  galactic  pole  (right).  Solid  line;  total  contribution,  faint  dotted  line:  disk  component,  dash-dot  line;  halo  contribution, 
long-dashed  line:  spiral  arms  plus  local  spur  (shown  only  for  the  field  in  the  galactic  plane) 


but  otherwise  does  not  give  an  explicit  description  of  the 
model. 

10.2.2.  FUV  (91.2  nm  -  180  nm) 

Table  25  discussed  in  the  last  subsection  actually  belongs 
to  the  FUV  range. 

As  far  as  modelling  is  concerned,  the  stellar  contribu¬ 
tions  to  the  FUV  sky  brightness  have  been  well  charac¬ 
terized  The  optical  and  infrared  SKY  model  of  Cohen 
(1994)  has  been  expanded  into  the  FUV  by  fitting  it  to 
observations  on  the  FUV  sky  obtained  with  the  FAUST 
FUV  telescope  (Bowyer  et  al.  1993).  The  FAUST  cam¬ 
era  had  obtained  observational  data  on  5000  sources  in 
21  separate  fields  in  the  140  —  180  nm  bandpass.  These 
data  covered  FUV  magnitudes  from  5  to  12.  The  model 
resulting  from  the  comparison  to  these  data  (Cohen  et  al. 
1994)  provides  an  excellent  fit  to  the  available  FUV  ob¬ 
servations.  The  extrapolated  flux  for  magnitudes  greater 
than  12  is  less  than  4%  of  the  total  point  source  flux  and 
is  less  than  1%  of  the  FUV  diffuse  sky  brightness. 

As  is  the  case  for  other  wavelength  bands,  the  inte¬ 
grated  starlight  in  the  FUV  (and  also  the  near  ultraviolet) 
is  concentrated  toward  the  plane  of  the  Galaxy.  In  Fig.  62 
we  display  two  examples  of  how  the  model  accounts  for  the 
stellar  contribution  in  the  ultraviolet  (kindly  provided  by 
Martin  Cohen).  The  figure  shows  differential  star  counts 
as  a  function  of  a  FUV  magnitude  centered  at  166  nm, 
both  for  a  position  in  the  galactic  plane  at  Z  =  90°  and  for 
the  galactic  pole.  In  both  parts  of  the  figure,  the  solid  line 
is  the  total  number  of  stars  per  square  degree  per  mag¬ 
nitude  interval,  the  disk  component  is  shown  by  the  faint 
dotted  line,  and  the  dash-dot  line  is  the  halo  contribution. 
For  the  galactic  plane  (left  diagram),  the  halo  component 
is  of  lesser  importance,  but  the  spiral  arms  plus  local  spur 


Table  29.  Total  integrated  surface  brightness  in  the  range 
140  nm  —  180  nm  due  to  point  sources,  as  given  by  the  SKY 
model“  at  a  galactic  longitude  of  90°  as  predicted  by  the  SKY 
model 


Galactic 

latitude 

h 

m3y/0° 

h 

W/m^  sr  pm 

I 

photons/ cm^  s  sr  A 

90° 

26  6±0.01 

102  10~^° 

82  5 

80° 

40.6±0.02 

156  10~^° 

125.8 

70° 

49.7±0  03 

191  10~^° 

153  8 

60° 

58.2±0.03 

224  10~^° 

180.4 

50° 

70.9±0.05 

273  10~^° 

219.5 

O 

O 

89.8±0.19 

345  10~^° 

278.0 

30° 

122.1±0.3 

469  10~^° 

378.2 

20° 

185.0±0  6 

709  10“^° 

571.1 

10° 

483.0T12.9 

1860  10"^° 

1496 

0° 

429.7±7  8 

1650  10-^“ 

1330 

“Since  this  mode!  was  primarily  constructed  for  the  infrared, 
it  cannot  be  expected  to  be  accurate  in  the  ultraviolet  at  low 
galactic  latitudes  (|  6  |<  10°),  where  the  effects  of  dumpiness  of 
the  interstellar  medium  get  dominating  (Caplan  &  Grec  1979) 

contribution  have  to  be  taken  into  account  (long-dashed 
curve).  Table  29  gives  the  total  stellar  surface  brightness 
in  the  140  — 180  nm  band  as  a  function  of  galactic  latitude. 
The  brightness  varies  with  galactic  longitude;  in  this  case 
we  show  the  values  for  I  =  90°. 

In  an  attempt  to  unify  the  above  information  on  ultra¬ 
violet  integrated  starlight,  at  present  we  suggest  to  rely 
on  Tables  25  to  28  for  the  absolute  and  total  brightness 
level,  and  to  use  the  models  demonstrated  above  for  pur¬ 
poses  like  extrapolation  to  the  contribution  of  faint  stars 
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or  breakdown  of  the  total  brightness  into  the  contribution 
of  different  components  or  brightness  intervals. 

10.3.  Ground-based  UBVR  photometries 

Besides  airglow  and  zodiacal  light,  the  Milky  Way  is  the 
third  major  contributor  to  the  diffuse  night  sky  bright¬ 
ness  in  the  visual  spectral  domain.  Its  light  is  fixed  with 
respect  to  an  inertial  system  of  reference  and  also  is  con¬ 
stant  over  large  time  scales.  For  absolute  brightness  deter¬ 
minations,  space  experiments,  firee  of  disturbance  by  the 
earth’s  atmosphere,  are  best  suited,  for  studies  of  struc¬ 
tures,  ground-based  surveys  are  preferable  because  of  their 
greater  flexibility.  In  any  case  one  has  to  be  aware  of  the 
presence  of  diffuse  galactic  light  which  on  the  average  con¬ 
tributes  between  20%  and  and  30%  of  the  Milky  Way 
brightness. 

Efforts  to  describe  the  distribution  of  the  Milky  Way’s 
brightness  are  numerous  and  can  be  traced  back  far  into 
the  past  (Ptolemy’s  Almagest).  Difficulties  to  get  rid  of 
atmospheric  disturbances  still  are  present  in  the  classical 
paper  by  Elsasser  and  Haug  in  1960,  which  otherwise,  for 
the  first  time,  presented  photoelectric  measurements  of 
our  Galaxy  with  a  reasonable  resolution  in  well  defined 
passbands  (see  Tables  30  and  31). 

The  four  photometries  of  the  Southern  Milky  Way  pre¬ 
sented  here  in  colour  as  Figs.  63-67  profit  firom  the  now 
more  effective  correction  for  the  atmospheric  effects.  They 
cover  the  whole  range  in  longitudes  and  galactic  latitudes 
from  -40°  to  -|-40°.  They  have  a  high  angular  resolu¬ 
tion  (0.25  X  0.25  square  degrees).  Moreover,  all  wavelength 
bands  are  processed  in  the  same  way,  and  so  the  colours 
U  —  B,  B  —  V,  V  —  R  should  be  quite  coherent.  The  figures 
presented  here  only  give  an  overview,  although  the  linear 
scale  of  the  colour  bar  will  allow  coarse  interpolation.  The 
data  are  accessible  in  digital  form  at  the  astronomical  data 
center  Centre  de  Donnees  Stellaires  (CDS)  in  Strasbourg 
under 


http://cdsweb.u-strasbg.fr/htbin/myqcat37VII/199/ 


It  is  planned  to  make  accessible  to  the  public  under  this 
address  step  by  step  all  major  ground-based  photometries 
of  the  Milky  Way  contained  in  Table  30,  in  particular  also 
the  B  photometry  by  Classen  (1976),  which  has  the  ad¬ 
vantage  of  large  sky  coverage  and  which  fits  quite  well 
to  the  Helios  and  Pioneer  space  probe  data  (see  Fig.  70 
below).  For  further  information  with  respect  to  the  four 
photometries  discussed,  see  the  papers  by  Kimeswenger 
et  al.  (1993)  and  Hoffmann  et  al.  (1997).  As  an  exam¬ 
ple  for  the  kind  of  spatial  detail  to  be  expected.  Fig.  67 
shows  on  an  enlarged  scale  the  U BVR  photometry  for  the 
Coalsack  region. 


The  UBVR  photometries  shown  in  Figs.  63-67  are 
based  on  photographic  exposures,  calibrated  in  situ  by 
photoelectric  measurements  of  the  night  sky.  The  raw 
data  were  obtained  in  1971  by  Schlosser  &  Schmidt-Kaler 
at  La  Silla  (Schlosser  1972).  The  well  known  disadvan¬ 
tages  of  photographic  plates  (their  relatively  low  inher¬ 
ent  accuracy,  for  instance)  do  not  count  so  much  if  one 
considers  the  often  rapid  variations  of  the  night  sky  in 
total.  Such  changes  especially  affect  scanning  photome¬ 
ters  and  reduce  their  inherent  accuracy.  A  posteriori,  it 
is  virtually  impossible  to  discriminate  between  tempo¬ 
ral  and  spatial  variations.  For  Figs.  63-  67,  a  wide  angle 
camera  (FOV  135°)  was  employed,  which  integrated  the 
night  sky  at  the  same  time,  thus  avoiding  the  above  men¬ 
tioned  unwanted  effects.  Tables  30-32  contain  supporting 
information.  Table  30  gives  a  synopsis  of  photometries 
in  the  visual  and  near-visual  spectral  spectral  domain. 
This  list  contains  only  photometries  covering  the  whole 
Galaxy  or  a  major  part  of  it  (for  more  details,  see  Scheffler 
1982).  Some  photometries  of  smaller  galactic  areas  are 
contained  in  Table  31.  In  Table  32,  the  four  Bochum  pho¬ 
tometries  shown  here  are  compared  to  those  of  other  au¬ 
thors.  Because  the  Helios  data  (Hanner  et  al.  1978;  Leinert 
&  Richter  1981)  are  considered  a  well  calibrated  reference, 
these  space  probe  measurements  are  also  included  here  for 
comparison.  The  same  is  true  for  the  south  polar  region 
subset  of  Pioneer  data  shown  by  Weinberg  (1981)  and  the 
subset  presented  by  Toller  (1990),  while  a  much  more  com¬ 
plete  overview  on  the  Pioneer  measurements  of  integrated 
starlight  will  be  given  in  the  following  subsection. 

10.4.  Pioneer  10/11  spacebome  visual  photometry 

Small  imaging  photopolarimeters  (IPP’s)  on  the  Pioneer 
10  and  11  deep  space  probes  were  used  during  cruise 
phases  (between  and  beyond  the  planets)  to  periodically 
measure  and  map  over  the  sky  brightness  and  polarisation 
in  blue  (395  nm  —  495  nm)  and  red  (590  nm  —  690  nm) 
bands.  This  was  done  at  heliocentric  distances  beyond 
1.015  AU  (Weinberg  et  al.  1974;  Hanner  et  al.  1974)  Early 
results  suggested  that  observations  of  the  same  sky  re¬ 
gions  decreased  in  brightness  with  heliocentric  distance  R 
to  sa  3.3  AU  (Weinberg  et  al.  1974;  Hanner  et  al  1976), 
beyond  which  there  was  no  observable  change;  i.e.,  the 
zodiacal  light  became  vanishingly  small  compared  to  the 
background  galactic  light  (i.e.  was  less  than  2  510©). 
Subsequent  analysis  (Schuerman  et  al.  1977)  found  this 
detectability  limit  to  be  2.8  AU.  Thus,  for  sky  maps  made 
between  1  AU  and  2.8  AU,  the  observations  give  the  sum 
of  zodiacal  light  and  background  starlight,  while  beyond 
2.8  AU  the  background  starlight,  including  some  diffuse 
galactic  light,  could  be  observed  directly.  We  summarise 
here  those  observations  from  beyond  2.8  AU. 

Approximately  80  sky  maps  were  obtained  with  the 
Pioneer  10  IPP,  starting  in  March  1972,  of  which  50  maps 
fall  into  the  year  1972  (see  Table  33)  The  FOV’s  covered 
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Fig.  63.  L'  photometry  of  the  Southern  Milky  Wav  The  photometry  is  accompanied  by  a  colour  bar.  Its  left  end  corresponds 
to  —100  5io-  The  brightness  at  the  right  end  of  the  bar  is  450  5io  units  (U)  The  scale  is  linear  White  areas  denote  non-valid 
data 
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Fig.  64.  B  photometry  of  the  Southern  Milky  Way  The  photoiaeri\  is  accompanied  b\  a  colour  bar  Its  left  end  corresponds 
to  -100  5io  The  brightness  at  the  right  end  of  the  bar  is  550  Sio  units  {B).  The  scale  is  linear  White  areas  denote  non-valid 
data 
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Fig.  65.  1’  photometry  of  the  Southeui  .Milky  Wcu  The  photometry  is  accompanied  by  a  colour  bar.  Its  left  end  corresponds 
to  -100  Sio  The  brightness  at  the  right  end  of  the  bar  is  900  5io  units  {V)  The  scale  is  linear  White  areas  denote  non- valid 
data 
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Fig.  66.  R  photometry  ot  the  Soulhciu  Milkv  Wav  i  lie  phoioiuelix  is  urruiupauied  li\  a  roluui  bar  Its  left  end  corresponds 
to  —100  Sro  The  brightness  at  the  light  end  of  the  bar  is  2600  Sio  units  {R)  The  scale  is  linear  White  areas  denote  non-valid 
data 
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Fig.  67.  h\uopsis  ol  the  Catiua-C'oalsat  k  legion  in  (  IS  \  />’  lo  laeililate  luiuiiau.sou  the  le\eLs  aie  a<lju>loil  loi  an  opliinal 

visualization  The  5io-isophotes  in  the  sense  of  ‘outer  broken  line,  continuous  line  and  inner  broken  line"  are  ( 1.50,  250  580) 
for  U,  (150,  230,  400)  for  B,  (250,  500.  800)  for  V,  and  (1000.  1400,  1900)  for  R  The  linear  scale  of  the  colour  coding  may  be 
used  for  interpolation 


.  . . 
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Table  30.  Large  scale  surface  photometries  of  the  Milky  Way  in  the  visual/near  visual  spectral  domain  (in  addition  to  those 
displayed  as  Figs  63-  67) 


Spectral  range 

Approximate  interval  of  galeictic 

Reference 

longitudes 

latitudes 

P,  V 

0  ...  360° 

-90 

..  +90° 

Elsasser  &  Haug  (1960) 

530  ±  15  nm 

0  ...  360° 

-20 

.  +20° 

Smith  et  al.  (1970) 

U 

0  ...  360°* 

-50.. 

+50°* 

Pfleiderer  Mayer  (1971)  > 

B 

0  ...  360°* 

-90.. 

+90°* 

Cla.ssen  (1976) 

710  ±  100  nm 

Northern  Milky  Way 

Zavarzin  (1978) 

440  ±  45  nra 

0  ...  360° 

-90 

..  -55° 

Weinberg  (lOSl)"*" 

640  ±  50  nm 

0  ...  360° 

-90 

..  -55° 

Weinberg  (1981)’*' 

356  ±  53  nm 

41  ...  210° 

-41 

.  +41° 

Winkler  et  al.  (1981) 

B  —  R  =  440  nm  —  640  nm 

0  ...  360° 

-15 

..  +15° 

Toller  (1990)+ 

B,  V 

0  ..  360° 

-90 

..  +90° 

Wicenec  (1995)+,  Wicenec  &:  van  Leeuwen  (1995)+ 

*  as  far  as  visible  from  about  30°  southern  geographical  latitude, 
space  experiments,  included  here  for  comparison,  see  a  detailed  presentation  of  Pioneer  10  results  in  Sect.  10.4. 

Note:  The  earlier  photometries  by  Elsasser  and  Haug  and  by  Smith  et  al.  are  included  here  only  for  comparison.  It  is  recommended 
to  refer  to  the  space-based  photometries,  to  the  Bochum  photometries  shown  in  Pigs.  63-67  and  to  the  later  photometries  of 
this  table. 

Table  31.  Surface  photometries  covering  smaller  areas  of  the  Milky  Way 


Spectral  range 

Approximate  interval  of  galactic 

Reference 

longitudes 

latitudes 

B 

295  ...  310° 

-6  .  .  +5° 

Mattila  (1973) 

U 

-63  ...  +30° 

-30  ...  +30° 

Proll  (1980) 

U,  B,V 

Scorpius 

Banner  et  al.  (1978)“ 

U,  B,V 

selected  scans 

Leinert  &  Richter  (1981)“ 

U,  B,  V,  R 

289  ...  316° 

-15  ...  +14° 

Seidensticker  et  al.  (1982) 

“  space  experiment,  included  here  for  comparison,  since  well-calibrated. 


most  of  the  sky  (see  Fig.  68)  except  for  a  region  near  the 
spin  axis  of  the  spacecraft  (within  30°  of  the  sun).  Table  33 
presents  a  log  of  observations  with  the  Pioneer  10  IPP.  A 
similar  schedule  was  performed  with  the  IPP  on  Pioneer 
11,  starting  in  April  1973.  The  combined  data  provide  a 
higher  spatial  resolution  than  would  have  been  possible 
to  obtain  with  a  single  map  or  with  observations  from  a 
single  spacecraft  (S/C).  Further,  Pioneer  11  obtained  12 
additional  maps  between  November  1981  and  December 
1982  to  “fill  in”  the  aforementioned  sky  gap  regions. 

The  instantaneous  field  of  view  of  each  IPP  was  ap¬ 
proximately  2.3°  square.  Brightness  was  integrated  for 
l/64‘^  (one  sector)  of  the  12.5  s  spacecraft  spin  period, 
giving  a  maximum  effective  FOV  of  2.3°  x  7.9°  when  the 
telescope  was  perpendicular  to  the  spin  axis  (LA  =  90°). 
The  spin  axis  was  directed  more  or  less  toward  the  sun 
By  moving  the  IPP  telescope  in  steps  of  1  8°  in  look  an¬ 
gle,  the  entire  sky  between  29°  and  170°  from  the  spin 
axis  could  be  scanned.  The  spinning,  sectoring  and  step¬ 


ping  resulted  in  a  two-dimensional  overlapping  pattern  of 
FOV’s  on  the  sky  for  each  map  (see  Fig.  68).  Since  the 
spin  axis  moved  slowly  on  the  celestial  sphere  according 
to  the  moving  spacecraft  position,  most  of  the  sky  was 
eventually  covered  with  a  resolution  better  than  the  1.8° 
roll-to-roll  separation  of  FOV’s  in  a  single  map. 

The  data  reduction  methodology  is  described  in  a 
User’s  Guide  (Weinberg  &  Schuerman  1981)  for  the 
Pioneer  10  and  Pioneer  11  IPP  data  archived  at  the 
National  Space  Science  Data  Center  (NSSDC).  Signals 
of  bright  stars  were  used  to  calibrate  the  decaying  sen¬ 
sitivity  of  the  IPP  channels.  Individually  resolved  stars, 
typically  those  brighter  than  6.5  mag,  were  removed  from 
the  measured  brightnesses  on  the  basis  of  a  custom  made 
catalog  containing  12457  stars.  The  absolute  calibration 
was  based  on  the  instrument’s  response  to  Vega.  Finally, 
the  Pioneer  10  and  11  blue  and  red  data  were  repre¬ 
sented  in  ^IOq  units.  The  result  is  a  background  sky 
tape,  which,  for  the  data  beyond  2.8  AU,  contains  the 
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Fig.  68.  Example  for  Pioneer  data  in  the  blue  (440  nm),  from  a  sky  map  observed  beyond  3  AU.  Upper  panel:  Map  of  the 
Becvar  atlas  showing  part  of  the  southern  Milky  Way  and  the  Magellanic  clouds,  with  the  sectored  field-of-view  of  Pioneer  10 
overlaid.  Middle  panel:  Brightness  values  in  SIO©  units  interpolated  from  the  individual  sector  brightnesses  to  a  rectangular 
coordinate  grid.  Lower  panel:  Isocontour  map  constructed  from  this  set  of  brightnesses 
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Fig.  69.  Pioneer  10/11  blue  sky  map  at  440  nm  at  0  -5°  resolution,  constructed  from  Pioneer  10  and  Pioneer  11  maps  taken  at 
3  26  AU  to  5  15  AU  heliocentric  distance.  The  map  is  in  Aitoff  projection  The  galactic  center  is  at  the  center  From  Gordon 
(1997) 


72 


Ch  Leinert  et  al.;  The  1997  reference  of  diffuse  night  sky  brightness 


Table  32.  Comparison  of  the  Bochum  UBVR  photometries  (denoted  as  “X”)  with  other  photometries 


U  passband 

(Abi  =  352  nm,  Wx  = 

51  nm,  AA  =  97  nm) 

Leinert  k.  Richter  (1981)  = 

(0.97  ±  0.18)  •  X-  (12  ±  4) 

Proll  (1980) 

(1.11  ±  0.12)  •  X 

Pfleiderer  &  Mayer  (1971)  = 

(0  84  ±  0  02)  X~  (10  ±  3) 

Seidensticker  et  al.  (1982)  = 

(1.19  ±  0.03)  ■  X-  (28  ±  5) 

B  passband 

(Abi  =  421  nm,  Wx  = 

80  nm,  AA  =  141  nm) 

Classen  (1976)  = 

(0.83  ±  0.04)  ■  X  -k  (23  ±  5) 

Leinert  &  Richter  (1981)  = 

(0.93  ±  0.08)  •  X 

Mattila  (1973)  = 

(0.82  ±  0.12)  •  X  +  (31  ±  23) 

Seidensticker  et  al.  (1982)  = 

(1.18  ±  0  03)  •  X  -f  (16  ±  3) 

Toller  (1990)  = 

(0.90)  ■  X  -f  25 

V  passband 

(Abi  =  530  nm,  Wx  = 

94  nm,  AA  =  159  nm) 

Dachs  (1970)  = 

(1.03)  •  X 

Elsasser  &  Haug  (1960)  = 

(0.64  ±  0.13)  ■  X  -1  (36  ±  8) 

Leinert  &  Richter  (1981)  = 

(0  94)  X 

Seidensticker  et  al.  (1982)  = 

(1  13  ±  0.09)  ■  X-  (88  ±  14) 

R  passband 

(Abi  =  678  nm,  Wx  = 

:  24  nm,  AA  =  53  nm) 

Seidensticker  et  al.  (1982)  = 

(1.09  ±  0.04)  ■  X-  (464  ±  36) 

Abi  is  the  wavelength  which  bisects  the  recorded  energy  for  this  filter,  Wx  the  equivalent  width  and  Aa  the  total  width  of  the 
passband 

Please  note:  1  cr  mean  errors  given  only  if  data  permit  (muliplicative  term)  and/or  mean  differs  by  more  than  1  cr  from  zero 
(additive  term). 

The  Bochum  UBVR  photometries  are  stored  at  the  Strasbourg  Centre  de  Donnies  Stellaires  (CDS)  under  http://cdsweb  u- 
strasbg.fr/htbin/myqcat37VII/199/ 


integrated  starlight,  including  the  contribution  from  the 
diffuse  galactic  light.  A  more  complete  description  of  the 
reduction  and  use  of  the  data  is  being  prepared  (Weinberg, 
Toller,  and  Gordon).  The  data  can  be  accessed  under 
http://nssdc.gsfc.nasa.gov/,  following  from  there  on  the 
topics  “Master  catalog”,  “Pioneer  10”  and  “Experiment 
information” . 

The  background  sky  data  set  can  be  addressed  in  a 
variety  of  ways,  including  overlaying  the  data  on  a  sky 
atlas  such  as  Becvar’s  Atlas  Coeli  (1962),  interpolating 
the  posted  data  on  an  evenly  spaced- coordinate  grid,  and 
contouring  the  data.  Each  of  these  is  shown  in  the  three 
panels  of  Fig.  68,  all  covering  the  south  celestial  pole  re¬ 
gion,  which  includes  low  galactic  latitude  regions  and  both 
the  Small  and  Large  Magellanic  Clouds.  The  map  scale 
and  magnitude  limit  of  the  Atlas  Coeli  make  this  atlas 
convenient  for  illustrating  and  manipulating  Pioneer  back¬ 
ground  sky  data.  The  upper  panel  in  Fig.  68  shows  a  single 
Pioneer  10  map’s  pattern  of  FOV’s  overlaid  on  the  corre¬ 
sponding  region  of  the  Becvar  atlas.  The  map  shows  the 
overlap  in  both  look  angle  and  sector  (day  68  of  year  1974, 
observed  at  R  =  5.15  AU).  The  middle  panel  shows  the 
result  of  interpolating  the  data  for  six  map  days  of  ob¬ 
servations  in  blue  on  an  evenly  spaced  coordinate  grid  for 


the  same  region  of  sky.  We  estimate  that  the  random  er¬ 
ror  in  the  numbers  shown  in  the  middle  panel  is  2  to  3 
510©  units,  and  perhaps  5  units  in  the  Milky  Way  and 
the  Magellanic  clouds.  An  isophote  representation  of  the 
data  (lower  panel)  is  perhaps  the  most  convenient  way 
to  present  the  data.  The  interval  between  isophotes  is  5 
510©  units.  The  spatial  resolution  was  found  to  be  ap¬ 
proximately  2°.  Regularly  spaced  grid  values  of  Pioneer  10 
blue  and  red  brightnesses  were  determined  in  this  manner 
for  the  entire  sky,  from  which  data  were  derived  every  two 
degrees  both  in  galactic  and  equatorial  coordinates.  Part 
of  these  data  are  used  in  Tables  35  to  38  to  depict  Pioneer 
10  blue  and  red  data  at  10°  intervals  in  both  coordinate 
systems  Pioneer  11  data  showed  no  significant  differences 
to  Pioneer  10  data,  so  only  Pioneer  10  data  are  discussed 
and  shown  here. 

More  recently,  Gordon  (1997)  further  analyzed  Pioneer 
10  and  11  data  from  beyond  the  asteroid  belt.  He  also 
found  no  significant  differences  between  the  Pioneer  10 
and  11  data.  His  grey  scale  presentation  of  the  combined 
data  with  0.5°  spatial  resolution  is  shown  in  an  Aitoff 
projection  in  Fig.  69.  The  gap  in  this  figure  corresponds 
to  that  discussed  earlier  Gordon  did  not  have  available 
those  special  data  sets  closing  the  gap. 
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Table  33.  Log  of  cruise  phase  observations  with  the  Pioneer  10  imaging  photopolarimeter 


Calendar 

Date 

Sun-S/C 

Distance 

(AU) 

S/C  Distance 
from  ecliptic“ 
(AU) 

Heliocentric 
Ps/c  ^s/c 

(deg) 

Usable  LA*” 
Range 
(deg) 

Signal/ 

Noise 

Mar.  10 

1.002 

-  0065 

-0.37 

172.85 

152-168 

8.70 

11 

1  004 

-.0073 

-0.41 

174.12 

135-167 

4.15 

12 

1.006 

-.00805 

-0.46 

175.36 

136-169 

7.68 

14 

1.011 

-  0095 

-0.54 

177.63 

128-169 

7.00 

15 

1.014 

-.0103 

-0  58 

178.87 

128-168 

5  65 

16 

1.017 

-  01107 

-0.62 

180.07 

128-169 

4.93 

20 

1.032 

-  01428 

-0.79 

185.03 

128-150 

5  62 

22 

1  040 

-.01581 

-0.87 

187.37 

128-168 

5  00 

23 

1.046 

-  01677 

-0  92 

188  84 

128-170 

4.56 

29 

1.075 

-.02117 

-1  13 

195  47 

128-169 

6.43 

31 

1.087 

-.0227 

-1.20 

197.78 

110-146 

5.87 

Apr.  4 

1.110 

-.02554 

-1  32 

201  95 

110-170 

4.93 

10 

1.150 

-.02971 

-1.48 

207.98 

91-159 

4.12 

13 

1.171 

-.03165 

-1.55 

210.76 

91-170 

3.78 

17 

1  201 

-  03424 

-1.63 

214.39 

91-166 

3.15 

20 

1.224 

-.03613 

-1.69 

217.02 

91-168 

4.71 

27 

1.281 

-.04027 

-1.80 

222.68 

86-103 

4.09 

28 

1.289 

-  04086 

-1.82 

223  48 

91-158 

3.75 

May  5 

1.349 

-.04474 

-1.90 

228.64 

46-168 

11.46 

8 

1.376 

-.04632 

-1.93 

230.73 

46-156 

14.43 

17 

1.453 

-  05058 

-1.99 

236.23 

46-170 

13.87 

30 

1.586 

-  05694 

-2.06 

244.26 

46-169 

10  34 

June  7 

1.652 

-.05972 

-2.07 

247.70 

46-169 

8.90 

13 

1.709 

-  06196 

-2.08 

250.46 

49-130 

7.75 

20 

1.774 

-.06436 

-2.08 

253.40 

42-067 

7  96 

22 

1.788 

-  06485 

-2  08 

254  00 

44-170 

7.31 

27 

1  841 

-.06666 

-2.08 

256.21 

91-130 

141-168 

4.21 

29 

1.861 

-.0673 

-2.07 

257.00 

68-169 

5.21 

July  21 

2.062 

-  07326 

-2  04 

264  32 

128 

3.87 

24 

2.090 

-  07399 

-2.03 

265.22 

128 

6.40 

27 

2.117 

-  07469 

-2.02 

266.11 

128 

4.34 

31 

2.152 

-.07557 

-2.01 

267.21 

128 

7.75 

Aug.  3 

2.179 

-  07622 

-2.00 

268  04 

104-137 

160-170 

4.81 

10 

2.241 

-  07766 

-1.99 

269.87 

128 

5.00 

11 

2.249 

-.07784 

-1  98 

270.11 

91-140 

158-170 

4.43 

16 

2.294 

-  07880 

-1.97 

271  36 

91-168 

6.31 

23 

2.354 

-.08005 

-1.95 

273  01 

74-145 

167-170 

5.90 

30 

2.413 

-.08121 

-1  93 

274  58 

76-158 

4.03 

Sept.  5 

2.467 

-  08219 

-1.91 

275.94 

76-166 

5.09 

8 

2  492 

-  08263 

-1  90 

276.56 

128-169 

4.59 

26 

2  640 

-.085005 

-1  85 

280.07 

76-105 

27 

2  641 

-.08502 

-1.84 

280.09 

76-150 

7.34 

Oct.  10 

2.750 

-.08652 

-1.80 

282.50 

49-79 

5  15 

Oct.  18 

2.812 

-.08728 

-1.78 

283.81 

(42-68)* 

(77-163)’ 

4.78 

19 

2.821 

-  08739 

-1  78 

283  99 

(91-157)* 

4.71 

Nov.  4 

2.939 

-.08865 

-1.73 

286.37 

42-161 

4  93 

19 

3.056 

-.08969 

-1.68 

288.63 

43-173 

2.62 

Dec.  4 

3.163 

-  09046 

-1.64 

290.61 

42-170 

2.90 

19 

3.269 

-.09104 

-1  60 

292.47 

40-170 

5.15 
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Table  33.  continued 


Year 

Calendar 

Date 

Sun-S/C 

Distance 

(AU) 

S/C  Distance 
from  ecliptic" 
(AU) 

Heliocentric 

Ps/c  -^s/c 

(deg) 

Usable 

Range 

(deg) 

Signal/ 

Noise 

1973 

Jan.  5 

3.384 

-  09150 

-1.55 

294.44 

38-115 

3  50 

8 

3.404 

-.09155 

-1.54 

294.77 

109-163 

2.71 

Feb  1 

3  560 

-.09180 

-1.48 

297.32 

67-144 

4  96 

13 

3  805 

-  09146 

-1  38 

301.10 

(152-170)* 

5  59 

Mar.  3 

3  927 

-  09095 

-1.33 

302.92 

128-137 

148-170 

4.21 

28 

4.065 

-.09009 

-1.27 

304  92 

91-128 

154-170 

6.68 

May  29 

4.226 

-.08868 

-1.20 

307.21 

38-170 

6.71 

June  7 

4.273 

-.08818 

-1.18 

307.88 

91-121 

6.59 

Aug.  4 

4  545 

-  08449 

-1.07 

311.66 

91-170 

5.53 

6 

4.553 

-.08434 

-1.06 

311.78 

38-  94 

4.96 

25 

4.636 

-.08289 

-1  02 

312.92 

38-145 

6.31 

Oct.  6 

4.812 

-.07924 

-0  94 

315.34 

38-148 

164-169 

5.12 

26 

4.892 

-.07730 

-0.91 

316.41 

38-115 

128-170 

5.53 

1974 

Jan  21 

5.084 

-.03264 

-0.36 

325.43 

38-170 

4.18 

Mar.  9 

5.152 

-.00128 

0.00 

332.08 

38-170 

4.15 

Apr.  21 

5.253 

+.03021 

+0  33 

338.05 

38-109 

4.06 

22 

5.254 

+.03033 

+0.33 

338.07 

111-170 

4.46 

June  25 

5.466 

+  07531 

+0.79 

346.36 

40-152 

168-170 

4.34 

Aug.  31 

5.748 

+.12004 

+1  20 

354  15 

38-170 

5.18 

Oct.  28 

6.042 

+.15838 

+1.50 

0.31 

38-168 

12.40 

197.5 

Jan.  28 

6.576 

+.21749 

+1.90 

8.83 

47-  77 
100 

147-167 

3.90 

Mar.  28 

6  953 

+.25429 

+2.10 

13  57 

42-91 

103-170 

3  09 

May  21 

7  137 

+.28729 

+2.25 

17.47 

109-170 

4.81 

30 

7  378 

+.29265 

+2.27 

18.07 

37-114 

124-132 

143-170 

4.46 

July  27 

7.787 

+  32721 

+2.41 

21.77 

46-152 

4.21 

Sept.  30 

8.261 

+.36524 

+2.53 

25.49 

35-168 

5  25 

Nov.  28 

8.704 

+  39919 

+2.63 

28  53 

35-  68 
94-109 
122-126 
135-169 

3.06 

1976 

Jan.  30 

9  182 

+.43440 

+2.71 

31  41 

42-127 

135-170 

2.40 

“positive  values  mean  a  location  of  the  spacecraft  north  of  the  ecliptic  plane. 
*’LA  =  look  angle  =  angle  measured  from  the  spin  ajcis. 

'Approximately  1/2  of  the  data  are  lost  due  to  low  data  rate  and  other  factors 


Prom  the  Pioneer  data,  blue  and  red  brightnesses  at 
the  celestial,  ecliptic  and  galactic  poles  were  derived  from 
isophote  maps  of  the  polar  regions  like  the  one  shown  for 
the  south  celestial  pole  in  Fig.  68.  They  are  compared  with 
other  photometric  data  and  with  star  counts  in  Table  34. 
There  is  fair  agreement  among  the  photometries.  However, 
because  of  the  lack  of  atmospheric  and  interplanetary  sig¬ 


nals  in  the  Pioneer  data,  these  data  should  be  preferred 
over  the  other  photometries  when  determining  the  level 
of  galactic  light  in  a  certain  region.  Generally  the  pho¬ 
tometries  are  at  higher  levels  than  the  star  counts,  as  one 
would  expect,  since  the  photometries  contain  the  contribu¬ 
tions  of  diffuse  galactic  light  (Sect.  11)  and  extragalactic 
background  light  (Sect.  12).  Equal  numbers  for  the  bright- 
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Table  34.  Brightnesses  of  background  starlight  and  integrated  starlight  at  the  north  and  south  celestial,  ecliptic,  and  galactic 
poles  (in  510©  units).  Stars  with  mv  <  6.5  excluded  Adapted  from  Toller  et  al.  (1987) 


Effective 

U 

V 

4407 

B 

4280 

4300 

B 

P  g- 

B 

Palomar 

Palomar 

6419 

Wavelength 

4250 

4400 

Blue 

Red 

(A) 

4150 

6440 

Investigation 

Hoffmann 

Pioneer 

Elsasser 

Lillie 

Classen 

Kimeswenger 

Roach  &c 

Sharov 

Tanabe 

Tanabe 

Pioneer 

(Year) 

et  al. 

10 

&:  Haug 

(1968) 

(1976) 

et  al 

Megill 

Lipaeva 

(1973) 

(1973) 

10 

1997 

(1978) 

(I960) 

1993 

(1961) 

(1973) 

(1978) 

Method 

T-»»  ,  ,  •  .  _ 

Photometry 

''' 

NCP 

56 

<95 

56 

48 

37 

48 

76 

77 

NEP 

66 

<95 

98 

52 

50 

66 

76 

82 

NGP 

29 

27 

22 

24 

21 

26 

41 

31 

SCP 

52 

86 

74 

<95 

58 

55 

56 

41 

94 

SEP 

61 

106 

128 

124 

87 

67 

50 

39 

125 

SGP 

26 

33 

27 

28 

23 

53 

79 

36 

nesses  in  the  blue  and  the  red  shown  in  Table  34  would 
mean  that  the  galactic  component  of  the  night  sky  bright¬ 
ness  has  solar  colour.  The  Pioneer  data  show  a  reddening 
at  the  poles,  and  this  reddening  appears  all  over  the  sky 
(see  Tables  35-38).  Details  can  be  found  in  Toller  (1981) 
and  Toller  (1990). 

Pioneer  blue  data  are  compared  in  Fig.  70  to  star 
counts  and  some  earthbased  photometric  observations 
along  four  cuts  through  the  Milky  Way  at  different  galac¬ 
tic  longitudes.  Generally,  Classen’s  (1976)  results  agree 
quite  well  with  the  Pioneer  data,  also  at  high  galactic  lat¬ 
itudes,  except  at  I  =  30°  and  at  middle  latitudes  where 
they  are  much  lower,  possibly  from  errors  in  the  diffi¬ 
cult  corrections  for  airglow  and  atmospheric  extinction, 
since  her  observations  of  this  region  had  to  be  made  near 
the  horizon  (from  South  Africa).  Generally  speaking,  all 
grormd-based  data  sets  suffer  from  the  presence  of  airglow 
continuum  and  some  from  line  emission  (see  Sect.  6)  in  the 
instrument’s  spectral  band  (see  Weinberg  &  Mann  1967). 
However,  ground-based  photometries  may  offer  better  spa¬ 
tial  resolution,  like  the  Bochum  Milky  Way  photometries 
presented  in  Sect.  10.3  above,  and  these  particular  pho¬ 
tometries  also  give  realistic  absolute  brightness  values,  as 
judged  from  their  good  agreement  with  the  Helios  U .  B, 
V  photometry.  '  ~ 

10.3.  Near-  and  mid-infrared 

Maps  of  the  starlight  distribution  in  the  infrared  are  dif¬ 
ficult  to  obtain.  There  are  currently  no  sensitive,  all-sky 
surveys  of  stars  in  the  infrared,  though  the  ground-based 
2MASS  and  DENIS  programs  will  provide  that  in  the 
next  several  years.  Extracting  starhght  maps  from  diffuse 
sky  brightness  measurements  is  challenging  because  of  the 
need  to  separate  the  various  contributions  to  the  measured 
light.  The  COBE/DIRBE  team  has  developed  a  detailed 
zodiacal  hght  model  which  allows  such  a  separation,  at 
least  in  the  near-infrared. 


An  all-sky  image  dominated  by  the  stellar  light  of  the 
Galaxy  is  presented  in  Fig.  71.  The  map  was  prepared 
by  averaging  10  months  of  DIRBE  data  at  2.2  fxm  wave¬ 
length  after  removal  of  the  time-dependent  signal  from 
solar-system  dust  via  a  zodiacal  light  model.  The  remain¬ 
ing  sky  brightness  at  this  wavelength  is  dominated  by 
the  cumulative  light  from  K  and  M  giants  (Arendt  et 
al.  1994),  though  individual  bright  sources  can  be  de¬ 
tected  at  a  level  of  about  15  Jy  above  the  local  back¬ 
ground  in  unconfused  regions.  Although  this  map  also 
contains  small  contributions  from  starlight  scattered  by 
interstellar  dust  (cirrus)  and  any  extragalactic  emission, 
these  contributions  are  much  smaller  than  that  from  stars. 
No  extinction  correction  has  been  applied  to  the  map  in 
Fig.  71;  Arendt  et  al.  (1994)  found  2.2  /rm  optical  depths 
greater  than  1  within  ~3°  of  the  Galactic  plane  for  di¬ 
rections  toward  the  inner  Galaxy  and  bulge  (|f|  <  70°). 
Arendt  et  al.  used  the  multi-wavelength  DIRBE  maps 
to  construct  an  extinction-corrected  map  over  the  central 
part  of  the  Milky  Way. 

The  typical  appearance  of  the  galactic  stellar  emission 
in  the  infrared  the  Milky  Way  is  apparent  in  Fig.  71;  be¬ 
cause  the  interstellar  extinction  is  much  reduced  in  the  in¬ 
frared,  this  internal  view  of  our  Galaxy  looks  like  a  galaxy 
seen  edge-on  from  the  outside.  Bulge  and  disk  are  clearly 
visible  and  separated.  This  appearance  shows  at  all  near- 
infrared  wavelengths  (see  Fig.  72). 

To  look  at  the  starhght  distribution  over  a  broader 
spectral  range,  it  is  useful  to  concentrate  on  the  low 
Galactic-latitude  region.  Figure  72  presents  DIRBE  maps 
of  this  region  at  1.25  jam,  2.2  /um,  3.5  /rm  and  4.9  /xm, 
each  with  the  zodiacal  light  removed  using  the  DIRBE 
zodiacal  light  model.  Since  starlight  is  the  dominant 
source  at  low  latitudes  over  this  spectral  range,  these 
maps  are  a  good  approximation  to  the  infrared  stel¬ 
lar  light,  with  extinction  of  course  decreasing  as  wave¬ 
length  increases.  Corresponding  maps  at  12  microns  and 
longer  are  not  shown,  because  at  these  wavelengths 
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Table  35.  Pioneer  10  background  starlight  in  blue  (440  nm),  given  in  galactic  coordinates  and  510©  units.  From  Toller  (1981) 
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Table  36.  Pioneer  10  background  starlight  in  red  (640  nm),  given  in  galactic  coordinates  and  SIO©  units  Prom  Toller  (1981) 
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Table  37.  Pioneer  10  background  starlight  in  blue  (440  nm),  in  equatorial  coordinates  and  SlO©  units.  From  Toller  (1981) 
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Table  38.  Pioneer  10  background  starlight  in  red  (640  nm),  in  equatorial  coordinates  and  510©  units.  From  Toller  (1981) 
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Fig.  70.  Comparison  of  Pioneer  10  data  for  cuts  through  the  Milky  Way  at  different  longitudes  with  the  results  of  other 
investigations  Note  that  the  ordinate  is  in  Sio(B)  units.  The  numbers  given  in  Table  35,  which  are  given  in  SIO©  units,  are 
therefore  larger  by  a  factor  corresponding  to  the  solar  B  —  V  value  (compare  Table  2) 


interplanetary  dust  emission  becomes  the  dominant  con¬ 
tributor  to  sky  brightness,  and  artifacts  from  imperfect 
removal  of  the  zodiacal  emission  become  more  serious,  as 
does  the  contribution  from  cirrus  cloud  emission.  More 
elaborate  modeling  would  be  required  to  extract  the  stel¬ 
lar  component  of  the  sky  brightness  at  these  wavelengths. 
Figure  73  shows  two  sets  of  repesentative  intensity  pro¬ 
files  taken' from  the  1.25  pm  —  4.9  pm  approximate 
“starlight”  maps  the  first  set  on  a  constant-latitude  line 
near  the  Galactic  plane  and  the  second  along  the  zero- 
longitude  meridian.  Full-sky  DIRBE  maps  at  1.25  pm, 
2.2  pm,  3.5  pm,  4.9  pm,  12  pm,  25  pm,  60  pm,  100  pm, 


140  pm,  and  240  pm  with  the  zodiacal  light  removed, 
from  which  these  approximate  starlight  maps  have  been 
selected,  are  available  as  the  “Zodi-Subtracted  Mission 
Average  (ZSMA)”  COBE  data  product,  available  from 
the  NSSDC  through  the  COBE  homepage  website  at 
http://www.gsfc  nasa.gov/astro/cobe/cobe_home  html. 

Model  predictions  for  the  integrated  starlight,  based  on 
the  galaxy  model  of  Bahcall  &  Soneira  (1980),  were  given 
for  the  near-  and  mid-infrared  as  function  of  the  bright¬ 
ness  of  the  individually  excluded  stars  by  Franceschini  et 
al.  (1991b)  Figures  74  and  75  show  these  results  for  wave¬ 
lengths  of  1.2  pm,  2.2  pm,  3.6  pm,  and  12  pm. 
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2.2 


Fig.  71.  DIRBE  map  of  sky  brightness  at  2.2  microns  in  galactic  coordinates,  with  zodiacal  light  removed.  North  is  up,  the 
galactic  center  in  the  middle,  and  galactic  longitude  increasing  from  right  to  left  This  map  is  dominated  by  galactic  starlight.  No 
extinction  correction  has  been  made.  Intensities  are  provided  at  16  levels  on  a  logarithmic  scale  ranging  from  0  04  to  32  MJy/sr 
In  detail  these  levels  are:  0  040,  0  062.  0  097.  0  15,  0.24.  0  37,  0  57.  0  90,  1.40.  2  19.  3  41,  5  33,  8.32,  12.98,  20  26,  and  31  62 
MJy/sr 


11.  Diffuse  galactic  light 

11.1  Overview 

Historically,  the  term  Diffuse  Galactic  Light  (DGL)  de¬ 
notes  the  diffuse  component  of  the  galactic  background 
radiation  which  is  produced  by  scattering  of  stellar  pho¬ 
tons  by  dust  grains  in  interstellar  space  (Elvey  &  Roach 
19.37,  Roach  ic  Gordon  1973)  This  scattering  process  is 
the  dominant  contributor  to  the  general  interstellar  ex¬ 
tinction  of  starlight  thus,  the  DGL  is  most  intense  in 
directions  where  the  dust  column  density  and  the  inte¬ 
grated  stellar  emissivity  are  both  high  This  is  generally 
the  case  at  the  lowest  galactic  latitudes,  in  all  spectral 
regions  extending  from  the  far- ultraviolet  into  the  near- 
infrared  Typically,  the  DGL  contributes  between  20%  to 
30%  of  the  total  integrated  light  from  the  Milky  Way 

However,  for  the  purpose  of  this  reference  we  are  also 
interested  in  other  sources  of  diffuse  galactic  background 
radiation,  and  thej'  will  be  mentioned  in  the  following 
where  appropriate 


11.2  Visual 

No  comprehensive  map  of  the  DGL  for  the  entire  sky  or 
even  a  significant  fraction  of  the  sky  exists  at  this  time 
Groundbased  observations  in  the  visual  face  the  difficult 
requirement  that  airglow,  zodiacal  light,  and  integrated 
starlight  all  need  to  be  known  to  very  high  precision 
(±1  S’loCH))  if  the  DGL  is  to  be  derived  by  subtraction 
of  the  above  components  from  the  total  sky  brightness 
In  addition,  the  problems  of  atmospheric  extinction  and 
atmospheric  scattering  (Staude  1975)  need  to  be  solved 

Observations  of  the  DGL  at  visual  wavelengths  carried 
out  with  rocket-  or  satellite-borne  photometers  still  have 
the  same  major  sources  of  uncertainty,  i  e  the  integrated 
starlight  and  the  zodiacal  light,  remain  principal  contrib¬ 
utors  to  the  measured  intensity. 

The  best  prospect  for  a  comprehensive  measurement 
of  the  DGL  in  the  visual  was  offered  by  the  Pioneer  10 
probe  (see  the  more  detailed  description  in  Sect  10  4), 
which  carried  out  an  all-sky  photometric  mapping  in  two 
wavebands  centered  near  440  nm  and  640  nm  from  beyond 
the  asteroid  belt  (R  >  3  AU),  where  the  contributions 
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Fig.  72.  DIRBE  maps  of  sky  brightness  at  1  25,  2.2,  3  5,  and  4  9  fim  at  low  Galactic  latitudes  ([61  <  15  deg  within  30  degrees  of 
Galactic  center,  and  ihj  <  10 deg  elsewhere).  Zodiacal  light  has  been  removed  North  is  up,  and  galactic  longitude  is  increasing 
from  right  to  left.  These  maps  are  generally  dominated  by  Galactic  starlight  No  e.xtinction  correction  has  been  made.  Intensities 
are  provided  at  16  levels  on  logarithmic  scales  ranging  from  0.6  to  25  MJy/sr  (1  25  pm  and  2  2  pm),  0.4  to  16  MJy/sr  (3.5  pm), 
and  0.3  to  12  5  M.Jy/sr  (4  9  pm)  In  detail  these  levels  are:  0  63,  0.81.  1  03.  1.32.  1  69,  2.15,  2  75,  3  52,  4  50,  5  75,  7  36,  9  40. 
12  02,  15. .37  19  65.  and  25  12  M.Iy/sr  at  1.25  pm  and  2.2  pm;  0.40,  0  51  0  65  0  83.  1.06,  1  36.  1  74,  2  22.  2  84,  3.63,  4  64.  5.93 
7  59,  9  70  12  40.  and  15  85  M.Jy/sr  at  3  5  pm;  0  32,  0  40,  0  52.  0.66,  0  84.  1  08.  1  38.  1.76,  2  26.  2  88,  3  69,  4.71,  6.03,  7  70,  9  85. 
and  12  59  M.]y/sr  at  4  9  pm 


from  zodiacal  light  are  negligible  (Hanner  et  al.  1974)  The 
instantaneous  field  of  view  of  the  Pioneer  10  photometer 
was  2.28°  square  tvhich  due  to  spacecraft  spin  (12.5  s 
period)  and  finite  integration  time  (0.2  s)  was  drawn  into 
elongated  effective  fields-of-view  of  variable  size  depending 
on  the  look  angle  Contributions  due  to  unresolved  stars 
begin  to  enter  the  Pioneer  10  data  at  m  >  6.5  for  an  av¬ 
erage  galactic  latitude,  thus,  stars  dominate  the  measured 
fluxes 

Toller  (1981)  derived  DGL  intensities  from  the  Pioneer 
10  blue  data  (440  nm)  by  subtracting  integrated  starlight 
intensities  of  Roach  &:  Megill  (1961)  and  Sharov  &  Lipaeva 
(1973)  at  the  positions  of  194  Selected  Areas  (Blaauw  & 
Elvius  1965).  The  residuals,  interpreted  as  the  sum  of  DGL 
and  extragalactic  background  light,  are  most  representa¬ 
tive  in  terms  of  sk\'  coverage 

For  reference  purposes,  several  directions  may  be  taken 
to  estimate  the  intensity  of  the  DGL  at  A  «  440  nm: 


In  Fig  76  we  present  the  mean  galactic  latitude  de¬ 
pendence  of  Toller's  (1981)  values  of  the  sum  of  DGL  and 
extragalactic  background,  averaged  over  all  galactic  longi¬ 
tudes  The  error  bars,  representing  one  standard  deviation 
of  the  mean  reflect  in  part  the  real  variations  of  the  DGL 
intensitv  with  galactic  longitude,  especially  at  lower  lati¬ 
tudes. 

A  second  avenue  toward  a  DGL  estimate  can  be 
found  in  ratios  of  DGL  to  total  line-of-sight  starlight 
(LOS,)  intensities  In  Table  39  we  list  the  average  ratios 
of  DGL/LOS.  for  A  =«  440  nm  based  on  Toller’s  data. 
The  use  of  the  values  in  Table  39  may  be  advisable,  if 
one  wants  to  estimate  the  variation  of  DGL  with  galac¬ 
tic  longitude,  where  large  differences  in  LOS,  may  occur 
Due  to  the  strongly  forward  scattering  nature  of  interstel¬ 
lar  grains  the  DGL  intensity  generally  tracks  the  LOS, 
intensity  at  constant  latitude. 
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Fig.  73.  Intensity  profiles  of  “Galactic  starlight”  as  measured  from  the  DIRBE  maps  at  1  25  /rm,  2.2  yttm,  3.5  ^tm  and  4.9 
after  subtraction  of  zodiacal  light.  Upper  half;  longitudinal  profiles  at  a  fixed  Galactic  latitude  of  6  =  1.6  deg  (6  =  Odeg  is  not 
shown  as  representative  because  extinction  is  significant  at  some  wavelengths).  Lower  half:  latitudinal  profiles  at  fixed  Galactic 
longitude  of  1  =  0  deg 
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Fig.  74.  Residual  contributions  to  the  near-infrared  background  radiation  of  stars  fainter  than  a  given  apparent  magnitude,  for 
galactic  latitudes  of  20°,  50°,  and  90°  (from  top  to  bottom,  respectively).  The  values  at  the  galactic  pole  at  the  intersection  with 
the  ordinate  axis  (cutoff  magnitude  =  3  mag)  corresponds  to  0.063  MJy/sr  for  J,  to  0  081  MJy/sr  for  K,  and  to  0.053  MJy/sr 
for  the  L  waveband 
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Fig.  75.  Residual  contributions  to  the  12  pm  background  ra¬ 
diation  of  stars  fainter  than  a  given  flux  limit,  for  galactic  lat¬ 
itudes  of  20°,  50°,  and  90°  (from  top  to  bottom,  respectively). 
The  values  at  the  galactic  pole  at  the  intersection  with  the  or¬ 
dinate  axis  (cutoff  flux  =  20  Jy)  correspond  to  0  002  MJy/sr, 
which  is  much  less  than  the  contribution  due  to  diffuse  emission 
from  the  interstellar  medium 
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Fig.  76.  The  average  intensity  of  the  DGL  as  a  function  of 
galactic  latitude  based  on  the  analysis  by  Toller  (1981)  of 
Pioneer  10  photometry  of  194  Selected  Areas  at  Aes  =  440  nm. 
Error  bars  denoting  one  standard  deviation  of  the  means  are  a 
measure  of  the  longitudinal  variation  of  the  DGL  intensity 

A  third  approach  toward  a  DGL  estimate  might  rely 
on  the  mean  correlation  between  DGL  intensities  found  in 
Selected  Areas  by  Toller  (1981)  and  corresponding  column 
densities  of  atomic  hydrogen  Toller  finds: 

DGL(5io(V^)o)  =  iVhi  /  (2.4  10^°  [atoms  cm-^])  (31) 
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Table  39.  Ratio  of  DGL  to  line-of-sight  starlight 


b  [°]-iV  [SA] 

(DGL/LOS.) 

0-|5| 

19 

0.21  ±  0.05 

15l-|10i 

11 

0.34  ±0  07 

|10|-115| 

28 

0.31  ±  0.03 

|15|-|20| 

15 

0.19  ±0.04 

|20|-|30| 

29 

0.25  ±  0.04 

|30|-|401 

22 

0.17  ±0.04 

1401-1601 

41 

0.17  ±  0.02 

1601-190! 

29 

0.12  ±0.02 

A  good  source  for  Nm  values  is  the  Bell  Lab  HI  survey 
by  Stark  et  al.  (1992).  This  approach  is  based  on  the  fact 
that  the  dust  and  HI  column  densities  are  well-correlated 
(Bohlin  et  al.  1978)  and  that  the  DGL  intensity  is  de¬ 
termined  in  part  by  the  dust  column  density,  as  long  as 
the  line-of-sight  is  not  optically  thick.  This  third  approach 
is  therefore  reconomended  mostly  for  higher  galactic  lati¬ 
tudes,  or  Nm  <  2  10^^  atoms  cm“^.  Estimates  based  on 
Eq.  (31)  are  at  best  good  to  within  a  factor  of  two,  because 
Eq.  (31)  reflects  only  the  dependence  of  the  DGL  intensity 
on  the  dust  column  density  and  ignores  the  dependence 
on  the  intensity  of  the  illuminating  radiation  field. 

The  red  band  (A  =  640  nm)  data  from  Pioneer  10 
have  not  been  subjected  to  a  DGL  analysis  so  far  for  lack 
of  suitable  star  count  data. 

The  U  —  B  and  B  —  V  colours  of  the  DGL  have  been 
measured  and  have  been  found  to  be  bluer  than  the  colour 
of  the  integrated  starlight,  as  expected  from  scattering  by 
interstellar  grains  with  scattering  cross  sections  varying 
as  A~^  in  the  visible  region  (Witt  1968;  Mattila  1970). 
Table  40,  to  give  an  example,  contains  UBV  colours  of 
the  DGL  and  of  the  integrated  starlight  in  Cygnus  (upper 
panel),  respectively  in  Crux  (lower  panel). 


Table  40.  Colour  of  the  DGL 


i,  161 

DGL  Integrated  Starlight  Reference 

U-BB-VU-B  B-V 

70°,  0° 

-0.05 

±0.57 

±0.07 

±0  73 

Witt 

75°,  25° 

-0.10 

±0.44 

±0.00 

±0.68 

(1968) 

300°,  0° 

-0.10 

±0.50 

-0.01 

±0  71 

Mattila 

(1970) 

Recently,  Gordon  (1997)  reported  the  detection  of  ex¬ 
tended  red  emission  (ERE)  on  a  galaxy-wide  scale  in  the 
diffuse  interstellar  medium  of  the  Milky  Way  Galaxy  (see 
also  Gordon  et  al.  1997;  Gordon  &  Witt  1997).  The  ERE 


consists  of  a  broad  emission  band  (FWHM  800  A)  with 
a  peak  wavelength  found  in  the  6500  A  to  8000  A  range, 
depending  on  environment,  with  a  long- wavelength  tail 
extending  well  into  the  J-band.  The  ERE  is  believed  to 
result  from  a  photoluminescence  process  in  hydrogenated 
carbonaceous  grain  mantles,  and  it  has  been  previously  de¬ 
tected  photometrically  and  spectroscopically  in  numerous 
reflection  nebulae  (Witt  &  Schild  1988;  Witt  &  Boroson 
1990),  in  carbon-rich  planetary  nebulae  (E^irton  &  Witt 
1990,  1992),  in  HII  regions  (Perrin  &  Sivan  1992;  Sivan  & 
Perrin  1993),  and  in  the  scattered  light  halo  of  the  star- 
burst  galaxy  M  82  (Perrin  et  al.  1995).  Gordon  (1997)  de¬ 
rived  the  galactic  ERE  intensity  from  Pioneer  10  and  11 
sky  photometry  obtained  at  hehocentric  distances  greater 
than  3.3  AU,  where  the  contribution  from  zodiacal  light 
is  no  longer  detectable  (see  Sect.  10.4).  The  integrated 
star  light  due  to  stars  of  m  >  6.5  was  determined  by 
integrating  recent  starcount  data  from  the  APS  Catalog 
(Pennington  et  al.  1993),  the  HST  Guide  Star  Catalog, 
and  photometric  catalogs  on  brighter  stars  and  was  sub¬ 
tracted  from  the  Pioneer  10  and  11  in  both  the  blue  and 
red  bands.  The  diffuse  residuals  consist  of  DGL  in  the  blue 
band,  and  of  a  sum  of  DGL  and  ERE  in  the  red  band.  As  a 
result,  the  B  —  R  colour  of  the  diSuse  galactic  background 
radiation  is  substantially  redder  than  that  of  the  DGL 
alone.  The  excess  ERE  in  the  i?-band  can  be  estimated 
to  be  about  equal  in  intensity  to  the  R-band  DGL.  This 
ERE  intensity  is  consistent  with  the  measured  B  —  R  and 
B—I  colour  excesses  of  individual  galactic  cirrus  filaments 
(Guhathakurta  &  Tyson  1989),  found  to  be  0.5  -  1.0  mag 
and  1.5  —  2.0  mag  redder,  respectively,  than  expected  for 
scattered  disk  starlight. 

Quantitatively,  Gordon  (1997)  finds  the  galactic  ERE 
and  the  atomic  hydrogen  column  density  at  interme¬ 
diate  and  high  latitudes  (|61  >  20°)  to  be  well- 

correlated,  yielding  an  average  ERE  intensity  of  (1.43  ± 
0  31)  10"^®  erg  s“^  A“^  sr~^  H-atom~^.  This  correlation 
may  therefore  be  used  to  estimate  the  expected  ERE  in¬ 
tensity  in  the  R-band  in  different  portions  of  the  sky. 

Partial  hnear  polarization  of  the  DGL  at  a  level  of 
1  —  2%  is  expected,  and  some  tentative  detections  of  this 
polarization  have  been  reported  by  Schmidt  &  Leinert 
(1966),  Weinberg  (1969),  Sparrow  &  Ney  (1972),  and 
Bandermann  &  Wolstencroft  (1976).  Both  the  scattering 
by  grains  partially  aligned  with  their  short  axes  parallel  to 
the  galactic  plane  and  the  scattering  of  the  non-isotropic 
galactic  radiation  field  by  dust  in  the  galactic  plane  should 
produce  partially  polarized  scattered  light  with  the  elec¬ 
tric  vector  perpendicular  to  the  galactic  plane  when  ob¬ 
served  near  6  =  0°.  A  review  of  existing  polarization  mea¬ 
surements  is  given  by  Leinert  (1990). 

11.3.  Near-infrared 

The  diffuse  galactic  background  radiation  in  the  near- 
infrared  (near-IR)  is  composed  of  several  components. 
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each  produced  by  different  constituents  of  the  diffuse  inter¬ 
stellar  medium  by  different  physical  processes.  The  most 
important  ones  are  the  DGL,  caused  by  scattering  of  star 
light  on  larger  interstellar  grains;  the  near-IR  continuum 
emission,  caused  by  a  non-equihbrium  emission  process 
probably  associated  with  small  carbonaceous  grains;  and 
the  set  of  so-called  unidentified  infrared  bands  which  have 
been  attributed  to  emission  from  interstellar  aromatic  hy¬ 
drocarbon  molecules,  such  as  polycyclic  aromatic  hydro¬ 
carbons  (PAH).  We  will  refer  to  them  as  aromatic  hydro¬ 
carbon  bands. 

No  separate  detection  of  the  DGL  at  near-IR  wave¬ 
lengths  has  been  accomplished  so  far,  although  the  galac¬ 
tic  component  of  the  near-IR  background  at  1.25  /rm  and 
2.2  yum  observed  by  the  DIRBE  experiment  (Silverberg 
et  al.  1993;  Hauser  1996)  undoubtedly  contains  a  scat¬ 
tered  light  contribution.  Recent  evidence  (Witt  et  al.  1994; 
Lehtinen  &  Mattila  1996)  provides  a  strong  indication 
that  the  dust  albedo  remains  as  high  as  it  is  in  the  vis¬ 
ible  out  through  the  if -band  (2.2  fim).  The  if -optical 
depth  is  about  10%  of  that  at  V;  hence,  only  at  quite 
low  galactic  latitudes  (|6|  <  5°)  can  one  find  the  required 
dust  colunrn  densities  which  wiU  give  rise  to  substan¬ 
tial  (scattered)  DGL.  At  the  galactic  equator,  however, 
the  ratio  of  DGL/LOS,  should  be  similar  to  the  values 
listed  in  Table  39.  At  higher  galactic  latitudes  the  ratio 
DGL/LOS,  will  be  substantially  lower  than  the  values 
listed  in  Table  39. 

The  near-IR  continuum  emission  was  first  recognized 
in  reflection  nebulae  whose  surface  brightnesses  in  the 
1  fim  —  10  fim  wavelength  range  exceeded  that  expected 
from  scattering  by  factors  of  several  (Sellgren  et  al.  1983; 
Sellgren  1984).  Absence  of  polarization  provided  addi¬ 
tional  confirmation  of  the  non-scattering  origin  of  this  ra¬ 
diation.  The  non-equilibrium  nature  of  the  radiation  pro¬ 
cess  was  recognized  from  the  fact  that  the  colour  temper¬ 
ature  of  the  emerging  radiation  was  independent  of  dis¬ 
tance  from  the  exciting  star  and  thus  independent  of  the 
density  of  the  exciting  radiation.  This  leaves  as  the  cause 
of  this  radiation  non-equilibrium  processes  which  depend 
upon  excitation  by  single  photons,  e.g.  photoluminescence 
of  grain  mantles  or,  alternatively,  non-equilibrium  heating 
of  tiny  grains  resulting  in  large  temperature  fluctuations. 
The  galactic  distribution  of  this  radiation  component  has 
yet  to  be  studied;  it  depends  on  a  very  accurate  assess¬ 
ment  of  the  near-IR  integrated  starlight  (see  Sect.  10.5) 
and  the  near-IR  zodiacal  light  (see  Sect.  8.5),  which  need 
to  be  subtracted  from  photometries  of  the  near-IR  sky 
background. 

The  aromatic  hydrocarbon  bands  centered  at  wave¬ 
lengths  3  3  fj,m,  6.2  fj,m,  7.7  /xm,  8  6  jim,  and  11.3  iJ,m,  with 
widths  in  the  range  of  0  03  to  0.5  /um,  were  first  observed  in 
bright  nebulous  regions  by  Gillett  et  al.  (1973).  Thanks  to 
the  successful  AROME  balloon-borne  experiment  (Giard 
et  al  1988;  Ristorcelli  et  al.  1994)  and  the  more  recent 
missions  of  the  Infrared  Telescope  in  Space  (IRTS,  Onaka 


et  al.  1996)  and  the  Infrared  Space  Observatory  (ISO, 
Mattila  et  al.  1996;  Lemke  et  al  1997),  they  have  now  been 
observed  in  the  diffuse  interstellar  medium  at  low  galactic 
latitudes.  The  relative  bandstrengths  and  widths  are  very 
similar  to  those  observed  in  reflection  nebulae,  planetary 
nebulae,  and  HII  regions,  pointing  toward  a  common  emis¬ 
sion  mechanism  Onaka  et  al.  (1996)  show  that  the  band 
intensities  at  3.3  fim  and  7.7  /xm  and  the  far-IR  back¬ 
ground  intensities  at  100  fim  along  identical  lines  of  sight 
are  correlated  very  tightly,  suggesting  tlfat  the  respec¬ 
tive  emitters,  presumably  PAH  molecules  in  the  case  of 
the  aromatic  hydrocarbon  bands  and  classical  sub-micron 
grains  for  the  100-/im  thermal  continuum,  are  well-mixed 
spatially  and  are  excited  by  the  same  interstellar  radia¬ 
tion  field.  The  correlation  of  the  band  intensities  with  the 
atomic  hydrogen  column  density  is  also  excellent,  reflected 
in  the  dust  emission  spectrum  per  hydrogen  atom  given 
in  Table  43. 


Thermal  infrared 

The  infrared  emission  from  the  diffuse  galactic  ISM  is 
dominated  by  thermal  and  other  emissions  by  dust, 
with  some  additional  contributions  from  interstellar  cool¬ 
ing  lines,  mainly  from  CH  and  NIL  At  wavelengths 
<  100  fim  the  galactic  diffuse  emission  is  weaker  than  the 
infrared  emission  from  the  zodiacal  dust  cloud  (see  Fig. 
1);  at  wavelengths  >  400  ^m  the  cosmic  background  radi¬ 
ation  dominates  over  the  galactic  thermal  radiation.  Only 
in  the  100  —  400  fim  band  is  the  galactic  emission  the  pri¬ 
mary  background  component.  However,  as  the  composite 
spectrum  of  all  night  sky  components  in  Fig.  1  schemati¬ 
cally  indicates,  the  thermal  IR  spectrum  of  galactic  dust  is 
complex  in  structure,  suggesting  significant  contributions 
from  grains  covering  a  wide  range  of  temperatures.  In  par¬ 
ticular,  there  is  substantial  excess  emission  in  the  5  to 
50  ^m  spectral  range  This  excess  is  generally  attributed 
to  stochastically  heated  very  small  grains  with  mean  tem¬ 
peratures  in  the  range  100  —  500  K  (Draine  &  Anderson 
1985;  Weiland  et  al.  1986),  while  the  main  thermal  emis¬ 
sion  peak  near  150  fim  is  attributed  to  classical-sized  dust 
grains  in  equilibrium  with  the  galactic  interstellar  radia¬ 
tion  field,  resulting  in  temperatures  around  20  K. 

The  exploration  of  the  infrared  background  has  been 
greatly  advanced  by  the  highly  successful  missions  of 
the  Infrared  Astronomical  Satellite  (IRAS;  Neugebauer 
et  al.  1984),  the  Diffuse  Infrared  Background  Experiment 
(DIRBE;  Boggess  et  al.  1992)  and  the  Far-Infrared 
Absolute  Spectrophotometer  (FIRAS;  Fixsen  et  al.  1994) 
on  board  of  the  GOBE  satellite,  the  Infrared  Telescope 
in  Space  (IRTS;  Murakami  et  al.  1994,  1996),  and  the 
AROME  balloon-borne  experiment  (Giard  et  ai.  1988). 
Before  mentioning  the  relation  to  interstellar  gas,  we  first 
comment  on  the  maps  of  galactic  far-infrared  emission 
available  from  these  experiments. 
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From  IRAS,  the  so-called  ISSA  maps  are  available  for 
wavelengths  of  12  ^m,  25  /im,  60  /tm  and  100  fim.  These 
present,  after  subtraction  of  a  zodiacal  hght  model,  12.5°  x 
12.5°  fields  with  1.5'  resolution,  covering  the  sky  on  a  10° 
grid.  For  the  two  longer  wavelengths  this  gives  a  good 
picture  of  the  variation  of  galactic  emission  (in  MJy/sr). 
The  absolute  value  of  these  maps  is  not  reliable,  which 
can  be  seen  from  the  regions  with  negative  intensities.  To 
access  the  data  one  can  use  the  world  wide  web  address 

http;//www  ipac.caltech.edu/ipac/iras/released_data.html. 

With  better  modeling  of  the  zodiacal  hght  contribu¬ 
tion,  Rowan-Robinson  et  al.  (1991)  produced  sky  maps  of 
galactic  plus  extragalactic  far-infrared  emission  with  0.5° 
pixel  size.  These  maps  give  realistic  absolute  values  and 
still  show  the  spatial  variation  of  the  galactic  diffuse  emis¬ 
sion  in  some  detail.  Tables  41  and  42  give  a  version  of  the 
two  tables  for  60  /tm  and  100  /tm  in  ecliptic  coordinates. 
They  are  not  printed  here  but  available  in  electronic  form 
at  the  CDS  by  anonymous  ftp  to  130.79.128.5. 

But  in  particular  the  DIRBE  Zodiacal  Light- 
Subtracted  Mission  Average  (“ZSMA”)  maps  at  60  /tm, 
100  yum,  140  /jm  and  240  /rm  give  a  good  estimate  of  the 
observed  intensity  resulting  from  the  sum  of  galactic  dif¬ 
fuse  infrared  emission  and  the  extragalactic  background  at 
each  of  these  wavelengths,  apart  firom  errors  in  the  zodi¬ 
acal  light  model  model.  Figure  77  shows  the  DIRBE  240 
micron  ZSMA  map,  along  with  representative  intensity 
profiles  at  fixed  galactic  latitude.  Since  the  extragalac¬ 
tic  background  light,  which  is  spatially  uniform,  is  not 
necessarily  negligible  at  these  wavelengths  (see  Table  47 
in  Sect.  12),  caution  should  be  exercised  when  making 
quantitative  statements  about  the  absolute  level  of  the 
diffuse  Galactic  infrared  emission  as  derived  from  these 
maps.  The  Galactic  contribution  is  certainly  dominant  at 
latitudes  |5|  <  10°,  but  probably  also  all  over  the  sky. 
Aside  from  this  issue  of  absolute  levels  (how  much  extra¬ 
galactic  background  light  radiation  exists  and  has  to  be 
subtracted?),  and  aside  from  some  visible  zodiacal  light 
model  artifacts  in  the  ecliptic  plane  at  60  microns,  the 
ZSMA  maps  give  a  good  picture  of  the  spatial  varia¬ 
tion  of  the  diffuse  Galactic  emission  at  aU  latitudes.  The 
intensities  recorded  in  the  ZSMA  maps  are  reported  in 
MJy/sr,  assuming  a  nominal  wavelength  and  a  spectral 
shape  of  i/Ii,  —  constant.  The  ZSMA  maps  are  available 
from  the  NSSDC  through  the  COBE  homepage  website  at 
http://www.gsfc  nasa.gov/astro/cobe/cobe_home.html. 

Interstellar  dust  appears  to  be  well-mixed  with  all 
phases  of  the  interstellar  gas  (Boulanger  &  Perault  1988; 
Sodroski  et  al  1997);  however,  to  obtain  a  first-order 
representation  of  the  emissions  from  galactic  dust,  the 
well-established  correlations  with  iV(HI)  provide  the  best 
guide.  The  average  dust  emission  spectrum  per  H-atom 
is  given  in  Table  43,  as  derived  from  the  following  orig¬ 
inal  sources:  ERE  at  0.65  /rm,  Gordon  (1997);  galactic 
emission  in  the  3.3  /rm  aromatic  feature,  Giard  et  al. 
(1989),  Bernard  et  al.  (1994);  dust  emission  in  the  6.2, 


7.7,  8.6,  and  11.3  pm  mid-infrared  unidentified  bands, 
Onaka  et  al.  (1996);  and  the  broad-band  thermal  dust 
emissions,  Boulanger  et  al.  (1996),  Reach  et  al.  (1995a), 
and  Dwek  et  al.  (1997). 


Table  43.  Dust  emission  spectrum  per  hydrogen  atom  in  the 
average  interstellar  medium 


Wavelength 

(pm) 

Dust  emission  spectrum 
47rA  Ix 

(erg  s”^  H-atom~^) 

0.65 

1.17  lO"^^ 

3.5 

1.27  10'^® 

4.9 

1  36  lO"^® 

77 

1.13  10"^® 

12 

1.02  lO-^^ 

25 

4.11  10"^® 

60 

7.04  10"^® 

100 

2.64  lO-^"* 

140 

3.64  10"^“ 

240 

1.41  10"^'* 

346 

5.77  10"^® 

490 

1.77  10"^® 

535 

1.20  10"^® 

736 

3.33  lO'^® 

1100 

5.49  10"^’' 

Compared  with  emission  from  dust,  the  radiation  from 
infrared  cooling  lines  of  the  gas  is  comparatively  weak,  re¬ 
flecting  the  fact  that  dust  in  interstellar  space  absorbs 
approximately  one  third  of  all  energy  emitted  by  stellar 
sources.  The  three  strongest  lines  are  the  [CII]  transition 
at  158  pm  and  the  [Nil]  lines  at  122  and  205  pm  (Wright 
et  al.  1991).  At  low  galactic  latitudes,  the  [CII]  line 
emission  is  well  correlated  with  iV(HI),  yielding  (2.65  ± 
0.15)  10~^®  ergs  H-atom~'^  (Bennett  et  al.  1994). 
With  latitudes  increasing  beyond  \b\  =  20°,  the  ratio 
of  i’([158])/J(FIRcontinuum)  decreases  rapidly,  leaving  the 
158  pm  line  unmeasurably  weak  at  [6|  >  65°. 

11.5.  Ultraviolet 

11.5.1.  FUV  diffuse  galactic  light  (91.2  nm  to  180  nm) 

Intense  Lyman  a  flux  is  present  in  this  bandpass,  and  this, 
combined  with  various  instrumental  limitations,  meant 
that  most  of  the  effort  to  measure  a  diffuse  flux  in  this 
band  was  carried  out  at  wavelengths  longer  than  121.6  nm 
In  retrospect,  the  measurement  of  a  diffuse  flux  in  this 
bandpass  is  far  more  difficult  than  was  originally  imag¬ 
ined,  and  the  potential  for  obtaining  erroneous  results  is 
substantial.  The  literature  is  filled  with  controversial  and 
erroneous  results. 
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Fig.  77.  Map  of  the  sky  brightness  at  240  after  removal  of  zodiacal  light,  obtained  from  the  COBE/DIRBE  experiment. 
The  map  is  a  Mollweide  projection  in  Galactic  coordinates,  with  intensities  on  a  logarithmic  stretch  from  1  to  1000  MJy/sr 
Smoothed  intensity  profiles  at  fixed  Galactic  latitudes  of  0^,  4-/  —  10°,  +/  —  30°  and  4-/  ~  60°  are  also  plotted;  positive  latitudes 
are  represented  by  the  thin  black,  negative  latitudes  by  the  thick  grey  line 
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Fig.  78.  Summary  data  on  the  diffuse  cosmic  far  ultraviolet 
background.  The  data  from  902  to  1200  A  are  from  Holberg 
(1986)  and  are  upper  limits  to  the  flux  from  a  high  Galactic 
latitude  view  direction.  Two  data  sets  are  shown  for  the  1400 
to  1850  A  band.  The  upper  line  is  from  Hurwitz  et  al.  (1991) 
and  shows  typical  data  obtained  in  view  directions  with  Tdust> 
1.  Note  the  fluorescence  emission  around  160  nm.  The  lower 
line  is  from  Martin  &c  Bowyer  (1990)  and  shows  data  obtained 
at  a  high  Galactic  latitude;  the  CIV  1550  A  line  is  clearly  evi¬ 
dent  in  emission  and  the  1663  A  line  of  OIII]  is  also  apparent, 
though  at  lower  signal-to-noise  ratio.  The  extragalactic  contri¬ 
bution  to  these  data  probably  is  small  (see  Table  44) 


This  bandpass  has  been  studied  extensively  since  the 
beginning  of  the  Space  Age,  because  the  zodiacal  light 
component  is  not  present  and  contributions  from  stellar 
sources  were  expected  to  be  sufficiently  low  that  emis¬ 
sion  from  a  hot  (10^  K)  or  very  hot  (10®  K)  intergalactic 
medium  might  be  detected. 

A  review  of  this  literature  is  provided  by  Bowyer 
(1991),  but  for  an  alternative  view  and  a  detailed  exami¬ 
nation  of  an  particular  data  set,  see  Henry  (1991). 

Substantial  progress  has  been  made  in  identifying 
the  components  that  contribute  to  the  diffuse  flux  in 
this  band.  The  vast  majority  of  the  diffuse  flux  is 
starlight  scattered  by  interstellar  dust.  In  particular, 
Haikala  et  al.  (1995)  found  FUV  emission  at  a  high  galac¬ 
tic  latitude  from  a  cirrus  cloud  detected  at  100  /rm  with 
IRAS.  Emission  from  hot  («10®  K)  gas  has  been  detected. 
An  analysis  of  this  radiation  establishes  that  the  emitting 
gas  is  well  above  the  Galactic  plane.  Two-photon  emission 
from  recombining  ionized  hydrogen  has  been  recognized 
as  a  component  of  this  background.  Molecular  hydrogen 
fluorescence  has  been  found  in  low  density  clouds.  Any  ex- 


Table  44.  Components  of  the  diffuse  cosmic  far  ultraviolet 
background  with  approximate  intensities"  (photons  cm~^  s“^ 

sr-i  A-i) 


Total  intensity 

300-1500 

Scattering  by  dust 

200-1500 

H  II  two-photon  emission 

50 

H2  fluorescence 

io6 

(in  molecular  clouds) 

Hot  gas  line  emission 

10 

from  hot  Galactic  gas 

Extragaleictic 

50  to  200 

Unexplained 

none  to  200 

“  Intensities  dependent  upon  view  direction. 

Intensities  of  processes  producing  discrete  features  axe  aver¬ 
aged  over  the  1400—1859  A  band. 


tragalactic  flux  is  quite  small;  this  component  is  discussed 
in  Sect.  12.1. 

In  Fig.  78  we  provide  examples  of  the  best  available 
data  on  the  diffuse  far  ultraviolet  background.  The  data 
from  912  to  wl200  Angstrom  are  from  Holberg  (1986) 
and  are  upper  limits  to  the  background  from  a  high  galac¬ 
tic  latitude  view  direction.  Two  data  sets  are  shown  for 
the  1400  to  1840  Angstrom  band.  The  upper  line  is  from 
Hurwitz  et  al.  (1991)  and  shows  data  obtained  at  a  low 
galactic  latitude.  These  data  are  typical  of  what  is  ob¬ 
served  in  viewing  directions  with  an  optical  depth  of 
Aiust^  1-  Molecular  hydrogen  fluorescence  is  evident  as  an 
additional  component  at  wavelengths  from  1550  to  1650 
Angstrom.  The  lower  line  is  from  Martin  &  Bowyer  (1990) 
and  shows  data  obtained  at  a  high  galactic  latitude  and  a 
low  total  galactic  neutral  hydrogen  column.  The  CIV  1550 
Angstrom  line  is  clearly  evident  in  emission,  and  the  1663 
Angstrom  line  of  forbidden  O  HI  is  also  apparent  though 
at  a  lower  signal-to-noise. 

As  already  mentioned,  the  major  components  of  the 
cosmic  far  ultraviolet  background  are  summarized  in 
Table  44  above. 

11.5.2.  Near-ultraviolet  (180  nm  —  300  nm) 

The  diffuse  radiation  in  this  band  is  the  sum  of  zodia¬ 
cal  light  and  starlight  scattered  by  interstellar  dust.  A 
few  first  studies  of  the  zodiacal  light  in  this  band  have 
been  carried  out,  which  suggest  this  component  exhibits 
characteristics  similar  to  that  observed  in  the  visible  (see 
Sect.  8.6).  A  few  studies  of  scattering  by  dust  by  early 
type  stars  have  been  carried  out.  The  results  obtained 
differ,  and  independent  of  these  differences,  the  scatter¬ 
ing  varies  tremendously  from  place  to  place  in  the  galaxy. 
We  refer  the  reader  to  Bring  et  al.  (1996)  and  references 
therein  for  a  discussion  of  these  results. 
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12.  Extragalactic  background  light 

For  the  extragalactic  background  radiation  no  generally- 
accepted  measured  values  exist  in  the  UV,  optical  or 
infrared  wavebands.  However,  upper  limits  from  surface 
photometry  and  lower  limits  from  galaxy  cotmts  are  avail¬ 
able.  We  present  a  critical  evaluation  and  tabulation  of 
the  available  results. 

Extragalactic  background  light  (EBL)  in  UV,  optical 
and  near-IR  (A  ^  5  /rm)  is  thought  to  consist  mainly  of 
redshifted  starlight  from  unresolved  galaxies;  more  hypo¬ 
thetical  contributions  would  be,  e.g.,  from  stars  or  gas 
in  the  intergalactic  space,  and  from  decaying  elementary 
particles  (e.g.  neutrinos).  In  the  mid-  and  far- infrared  the 
main  contribution  is  thought  to  be  redshifted  emission 
from  dust  particles,  heated  by  starlight  in  galaxies. 

Observations  of  the  EBL  are  hampered  by  the  much 
stronger  foreground  components  of  the  night  sky  bright¬ 
ness  described  in  the  other  sections.  Unlike  the  other  com¬ 
ponents  the  EBL  is  isotropic  which,  in  combination  with 
its  weakness,  complicates  its  separation.  Recent  reviews  of 
the  observational  and  theoretical  status  of  the  EBL  have 
been  given  by  Mattila  (1990),  Tyson  (1990, 1995),  Mattila 
et  al.  (1991)  for  the  optical;  by  Bowyer  (1991),  Henry 
(1991),  Henry  &  Murthy  (1995)  and  Jakobsen  (1995)  for 
the  ultraviolet;  by  Matsumoto  (1990),  Franceschini  et  al. 
(1991a),  Hauser  (1995a,b,  1996)  and  Lonsdale  (1995)  for 
the  infrared;  Longair  (1995)  has  given  a  general  review 
covering  all  wavelengths. 

The  observational  results  presented  here  are  sum¬ 
marised  for  each  wavelength  range  in  a  separate  table  in 
the  corresponding  subsection.  They  are  also  put  together 
in  overview  in  Fig.  79  at  the  end  of  this  section,  where  in 
the  visual  and  near-infrared  region  some  model  predictions 
are  added  for  comparison  with  the  data,  which  stretch 
over  a  wide  range  of  brightnesses  at  these  wavelengths. 
Otherwise,  model  prediction  of  EBL  brightness  are  not  the 
topic  of  this  reference.  For  this  matter  see,  e.g.,  the  confer¬ 
ence  proceedings  by  Bowyer  &  Leinert  (1990)  and  Rocca- 
Volmerange  et  al.  (1991)  or  the  work  of  Franceschini  et  al. 
(1991b). 

12.1  Ultraviolet 

An  extragalactic  component  is  certainly  present  in  the 
UV/FUV  since  the  summed  flux  of  galaxies  is  present 
at  some  level.  Early  in  the  Space  Age  it  was  realized 
that  searches  in  the  FUV  had  substantial  advantages  over 
searches  in  the  UV,  because  the  zodiacal  light  component 
is  not  present  at  a  measurable  level  and  contributions  from 
stellar  sources  were  expected  to  be  small.  In  particular,  it 
was  hoped  that  emission  from  a  very  hot  (10®  K)  or  hot 
(10®  K)  intergalactic  medium  might  be  detected.  These 
measurements  were  far  more  difficult  to  carry  out  than 
was  originally  anticipated,  and  a  wide  range  of  conflicting 
results  were  reported. 


At  this  point,  the  most  cited  argument  that  some  of 
the  Far  UV  diffuse  background  is  extragalactic  in  origin 
is  that  most  measurements  of  this  flux  show  a  correlation 
with  galactic  neutral  hydrogen  column  density,  and  the 
extrapolation  to  zero  hydrogen  columns  yields  fluxes  that 
are  in  the  range  of  50  to  300  photon  units.  These  results 
are  only  upper  limits  to  an  extragalactic  background,  how¬ 
ever,  since  there  is  no  guarantee  that  galactic  components 
are  not  producing  this  flux. 

While  the  total  picture  is  far  from  clear,  some  aspects 
of  a  possible  extragalactic  flux  have  been  established. 
Quasar  absorption  hne  studies  definitely  constrain  emis¬ 
sion  from  a  diffuse  intergalactic  medium  to  a  marginal  role 
(Jakobsen  1991).  Paresce  &  Jacobsen  (1980)  had  shown 
before  that  integrated  light  from  QSOs  and  AGNs  will 
not  produce  a  significant  contribution  to  the  diffuse  FUV 
background.  However,  Armand  et  al.  (1994)  have  used 
data  on  galaxy  counts  obtained  at  2000  A  with  a  lim¬ 
iting  magnitude  of  18.5,  to  calculate  the  ultraviolet  flux 
due  to  the  integrated  FUV  light  of  all  galaxies.  The  ex¬ 
trapolation  is  small  and  leads  to  an  expected  flux  of  40 
to  130  photon  cm“^  s~^  sr~^A“^.  Hence  it  seems  certain 
that  there  is  at  least  some  extragalactic  flux  present  in 
the  diffuse  FUV  background.  It  is  interesting  to  note  that 
the  flux  predicted  by  Armand  et  al.  is  consistent  with  the 
(uncertain  and  controversial)  observational  results  for  a 
possible  extragalactic  diffuse  FUV  backgroimd. 


Table  45.  Possible  components  of  a  diffuse  extragalactic  far 
ultraviolet  background  with  their  estimated  intensities“ 


Summed  from  all  galeocies 

40  to  200 

QSOs/AGNs 

<10 

Intergalactic  medium 

<10 

observed  upper  limit 

50  to  300 

“  Intensities  are  given  in  units  of  photons  cm  ^  s  ^  sr  A  ^ 


12.2.  Visual 

A  selection  of  upper  limits  from  photometric  measure¬ 
ments  as  well  as  lower  limits  obtained  from  galaxy  counts 
are  summarised  in  Table  46.  In  the  table,  the  author(s) 
and  date  of  publication  are  given  in  Col.  (1).  The  wave¬ 
length  of  observation  and  the  /ebl  value  (or  its  upper 
limit)  as  given  in  the  original  publication  are  hsted  in 
Cols.  (2)  and  (3).  In  Col.  (4)  we  give  our  critical  revi¬ 
sion  (upper  limit)  of  each  Jebl  value;  in  deriving  these 
“revised  values”  we  have  tried  to  consider  the  effects  of 
some  additional  uncertainties  or  corrections  which  in  our 
opinion  were  not  sufficiently  discussed  in  the  original  pa¬ 
per.  In  Col.  (5)  we  give  XI\  =  vli,  for  the  revised  EBL 
values.  The  last  Col  (6)  gives  the  method  used. 
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Table  46.  Observational  upper  and  lower  limits  to  the  EBL  intensity  as  determined  from  surface  photometry  or  galaxy  counts 


Author(s) 

A 

(A) 

Iebl 

Iebl 

revised,  Icr 

XI X  (revised) 
limits  erg  s'''’cm~^sr“^ 

Method 

Dube  et  al.  (1979) 

5115 

1.0  ±  1.2  Sio 

4.0  ±  1.2  Sio 

photometry 

^  3.4  Sio 

^  5.2  Sio 

£  4.0  10"® 

Toller  (1983) 

4400 

1.3  ±  1.3  SIO0 

1.9  ±  4.8  SIO0 

photometry 

E  3.9  SlOo 

<67  SIO© 

E  3.2  10"® 

Mattila  &  Schnur 

4000 

6  5  ±  2.5  cgs* 

^9.0  cgs* 

^  3.6  10"® 

photometry 

(1990) 

Cowie  et  al.  (1994) 

3400  (U’) 

1  3  10"® 

galaxy  counts 

4470  (B) 

1.8  10"® 

{K  ^  22'") 

5425  (V) 

3.1  10"® 

8340  (I) 

4  7  10"® 

22000  (K) 

5.2  10"® 

Tyson  (1995) 

3600  (U) 

2.5(+.07  -.04)  10"® 

galaxy  counts 

4500  (B) 

2.9(+.09  -.05)  10"® 

(Bj£29’"/n") 

6500  (R) 

2.9(-l-.09  -.05)  10"® 

9000  (I) 

2  6(1-  3  -.2  )  10”® 

22000  (K) 

7.2(-H  -1  )  10"® 

Morgan  &  Driver 

4500  (B) 

1  9  10"® 

galaxy  counts 

(1995) 

5500  (V) 

1.3  10"® 

(5  £  26'") 

6500  (R) 

3.2  10"® 

9000  (I) 

3.5  10"® 

4500  (B) 

4.7  10"® 

galaxy  counts 

5500  (V) 

6.4  10"® 

(mpiite.  ^38"") 

6500  (R) 

8.2  10"® 

9000  (I) 

10  0  10”® 

*  cgs  =  10  ®  ergs  cm  ^  s~''  sterad  A"^. 


12.2.1.  Photometric  upper  limits 

Three  surface  photometric  measurements  are  included  in 
Table  46: 

(1)  Dube  et  al.  (1979)  observed  the  total  night  sky 
brightness  from  the  ground  in  eleven  high-latitude  fields. 
As  a  mean  value  of  the  11  fields  Dube  et  al.  gave  an 
EBL+DGL  value  of  1.0  ±  1.2  Sw  Because  it  was  not  pos¬ 
sible  to  estimate  the  DGL  contribution  the  result  was  in¬ 
terpreted  as  a  2cr  upper  hmit  to  the  EBL  of  3.4  Sio  or 
5.1  10“®  ergs  cm~^  s"^  sterad"^  A~^.  A  basic  problem 
with  this  method  is  that  it  starts  witlr  the  total  night-sky 
brightness  which  is  a  factor  of  ss  100  brighter  than  the 
EBL.  Thus,  very  accurate  measurements  of  the  absolute 
intensities  of  ZL  and  airglow  are  required.  The  most  crit¬ 
ical  point  in  the  data  analysis  of  Dube  et  al.  was  the  way 
they  corrected  for  the  airglow.  They  assumed  that  airglow 
is  a  hnear  function  of  sec  z  and  used  linear  extrapolation 
to  sec  2:  =  0  to  eliminate  airglow.  This  method  is  doubtful 
since  the  sec  z  -  dependence  of  the  airglow  is  not  strictly 
linear  but  follows  the  so-called  van  Rhijn’s  (1921)  law. 
Mattila  et  al.  (1991)  have  reanalysed  the  airglow  problem 
using,  as  far  as  possible,  the  observational  values  given  in 
Dube  et  al.  (1979)  and  in  Dube  (1976).  They  have  thus 
found  that  Dube  et  al.  probably  have  overestimated  the 


airglow  intensity  by  «  3  Sio-  Thus  the  residual  value  for 
EBL  -f  DGL  should  be  increased  by  this  amount,  result¬ 
ing  in  /ebl-i-dgl  =  4.0  ±  1.2  5io  or  an  Icr  upper  limit  of 
5.2  Sio- 

(2)  Toller  (1983)  utilized  measurements  of  a  photome¬ 
ter  aboard  Pioneer  10  as  it  moved  out  of  the  zodiacal  dust 
cloud  [R  ^  3.3  AU).  Prom  these  he  subtracted  integrated 
starlight  and  gave  a  value  for  the  average  brightness  of  the 
diffuse  background  light  of  /dgl+ebl  =  3.3  ±  1.2  SIO© 
He  estimated  Idgl  to  be  2.0  ±  0.4  SIO©.  As  a  final  re¬ 
sult  Toller  thus  obtained  an  EBL  intensity  of  1.3  ±  1.3 
SIO©  which  he  expressed  as  a  2cr  upper  limit  of  /ebl  = 
3.9  SIO©. 

Since  Toller’s  EBL  value  has  been  frequently  cited  as 
the  EBL  reference  value,  it  deserves  a  detailed  discussion 
of  errors.  The  basic  problem  for  his  EBL  determination 
is  the  large  field  of  view  (2.3  x  2.3  deg)  of  the  photome¬ 
ter.  Thus,  the  starlight  entered  with  full  weight  into  the 
measured  sky  brightness,  and  in  order  to  derive  the  small 
residual  EBL  one  must  know  the  ISL  very  accurately  in 
the  Pioneer  1 0  photometric  system.  This  was  not  fully  the 
case.  The  ISL  values  of  Roach  &  Megill  (RM,  1961)  and 
Sharov  &  Lipaeva  (SL,  1973)  are  based  on  the  Harvard- 
Groningen  (Pickering  et  al.  1918,  1923,  1924;  van  Rhijn 
1929)  and  Mount  Wilson  starcounts  (Scares  et  al.  1930) 
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the  magnitudes  of  which  were  calibrated  by  using  pho¬ 
tographic  techniques.  Sharov  &  Polyakova  (1972)  have 
shown  that  the  Harvard-Groningen  photographic  magni¬ 
tude  scales  are  in  need  of  positive  corrections  of  as  much  as 
0.4  mag  to  0.5  mag  in  order  to  reduce  stars  of  7  to  16  mag 
from  m.pg  to  the  B  system.  In  their  ISL  summation  SL 
tried  to  take  these  photometric  corrections  into  account 
and  thus  their  ISL  values  should  be  given  the  preference 
over  the  RjVI  values.  Then  an  average  Idgl+ebl  of  3.9 
510©,  instead  of  3.3  ^lO©,  is  obtained.  There  is  a  the  re¬ 
maining  systematic  error  of  the  Sharov  and  Lipaeva  ISL 
values  due  to  the  scale  errors  which  is  at  least  15%.  With 
an  average  ISL  value  of  25  510©  this  amounts  to  3.8  SlO©. 
The  systematic  error  of  the  Pioneer  10  photometry  itself 
(e.g.  due  to  cahbration)  has  been  given  as  8%  (Weinberg 
&  Schuerman  1981),  which  for  25  510©  corresponds  to 
2.0  510©.  A  further  uncertainty  of  1.6  510©  results  from 
variations  in  the  cutoff  for  bright  stars.  The  total  error 
resulting  from  quadratically  adding  the  systematic  and 
statistical  errors  then  is  4.8  510©. 

Thus  we  end  up  with  a  revised  EBL  value  of  /ebl  = 
1.9  ±  4.8  510©,  which  corresponds  to  2.3  ±  5.7  10“®  ergs 
cm~^  s~^  sterad"^  A“^or  to  a  one  a  upper  limit  of  8.0 
10“®  ergs  cm~^  s~^  sterad“'-  A~^. 

(3)  Mattila  k.  Schnur  (1990),  on  the  basis  of  their  ob¬ 
servations  in  the  dark  cloud  area  LI 642,  have  presented  a 
preliminary  estimate  for  the  EBL  of  6.5  ±  2.5  10“®  ergs 
cm“^  s“^  sterad”’-  A“^.  In  this  method  an  opaque  dark 
cloud  is  used  as  a  zero  point  where  the  EBL  is  negligi¬ 
ble  or  at  least  much  smaller  than  in  the  transparent  sm:- 
roundings  of  the  cloud  Starlight,  zodiacal  light  and  the 
atmospheric  components  are  eliminated  in  the  differen¬ 
tial  surface  brightness  measurements  used  in  this  method. 
The  main  problem  is  the  elimination  of  the  scattered  hght 
(DGL)  which  is  present  both  in  the  opaque  parts  of  the 
cloud  as  well  as  in  its  (semi) transparent  surroundings.  In 
view  of  the  preliminary  character  of  the  above-mentioned 
value  we  prefer  to  interpret  it  as  an  upper  hmit,  /ebl  = 
9.0  10~®  ergs  cm~^  s“^  sterad""^  A~^. 

12.2.2.  Galaxy  counts 

Deep  galaxy  counts  by  Gowie  et  al.  (1994),  Tyson  (1995) 
and  Morgan  &  Driver  (1995)  have  provided  estimates  for 
the  contribution  of  galaxies  to  the  EBL.  These  lower  hmits 
to  the  EBL  are  given  in  Table  46  for  several  wavelength 
bands  between  3400  A  and  2.2  /j,m. 

(1)  The  EBL  values  of  Gowie  et  al.  are  for  a  if -band- 
limited  sample  with  K  ^  22  mag.  The  if-band  counts 
have  a  slope  (dlogA/'(TO)/dm)  =  0.26  at  if  =  22  mag 
which  imphes  that  the  surface  brightness  contribution  per 
magnitude  interval  is  converging.  Contrary  to  this  the  B- 
band  counts  have  a  divergent  slope  (dlogif(m)/dm)  = 
0.45  (Gardner  et  al.  1993).  Thus  it  is  suggested  that  the 
total  EBL  at  U  to  visual  wavelengths  may  I  i  substantially 
higher  than  the  values  given  in  the  Table. 


(2)  The  EBL  values  of  Tyson  are  for  a  sample  to 
an  isophotal  hmiting  magnitude  of  29  Bj  magnitude 
arcsec~^.  The  limiting  magnitudes  of  the  counts  are 
PS  27  mag  at  Bj,  26  mag  at  R,  and  24  mag  at  i.  Galaxies 
fainter  than  20  mag  at  Bj  contribute  about  75%  of  the 
EBL  at  4500  A.  Most  of  the  EBL  flux  originates  from 
galaxies  around  B  =  24,  mag. 

(3)  The  EBL  values  of  Morgan  &  Driver  (1995)  are 
from  counts  with  hmiting  magnitudes  of  J5  =  26  mag, 
V  =  24.5  mag,  R  =  2Q  mag  and  /  =  22.5  mag.  Morgan 
&  Driver  adopted  two  approaches  in  estimating  the  EBL: 
firstly  they  used  direct  observations  of  the  munber  counts 
to  sum  up  the  EBL  to  the  hmiting  magnitude;  seconu*/ 
they  used  a  dwarf-dominated  luminosity  function  to  ex¬ 
trapolate  the  number  counts  down  to  a  hmiting  magnitude 
of  mpiiter  =  38  mag.  The  EBL  values  for  the  second  case 
are  seen  to  be  a  factor  of  2  to  5  higher  than  for  the  first 
case.  This  gives  an  impression  of  the  possible  importance 
of  the  contribution  by  very  faint  galaxies,  m  ^  30  mag,  to 
the  EBL. 

12.3.  Infrared 

The  Diffuse  Infrared  Background  Experiment 
(DIRBE)  aboard  the  Cosmic  Background  Explorer 
(COBE)  was  designed  to  perform  a  sensitive  search  for  the 
Cosmic  Infrared  Background  Radiation  (CIBR).  Special 
care  was  paid  in  the  design  to  supression  of  stray  radia¬ 
tion.  During  the  10-month  cryogenic  operation  of  COBE 
in  1989  -  1990  DIRBE  mapped  the  whole  sky  with  high 
redundancy  in  ten  wavelength  bands  between  1.25  and 
240  fj-m.  DIRBE  is  completely  free  from  any  residual  atmo¬ 
spheric  effects  or  contamination  by  rocket  exhaust  which 
have  made  many  of  the  previous  balloon  or  rocket  borne 
experiment  results  problematic.  The  main  obstacles  for 
a  determination  of  the  CIBR  are  the  remaining  strong 
foreground  components  which  contribute  to  the  infrared 
sky  brightness  with  varying  importance  over  the  whole 
wavelength  region.  As  detailed  in  previous  section,  these 
are  the  zodiacal  hght,  the  hght  of  unresolved  stars  and 
the  thermal  emission  by  interstellar  dust  (cirrus).  Since 
there  is  no  distinct  spectral  signature  known  in  the  CIBR, 
the  separation  of  the  foreground  components  has  to  be 
based  on  modeUing  of  their  different  spatial  or  broad  band 
spectral  distributions.  In  the  case  of  the  zodiacal  com¬ 
ponent  also  its  temporal  variation  during  a  year  can  be 
utihzed.  This  modelling  process  is  still  being  worked  on 
by  the  DIRBE  team.  The  most  recent,  stiU  prehminary 
results  have  been  presented  by  Hauser  (1996).  They  are 
reproduced  in  Table  47  for  the  ten  DIRBE  bands  as  weU 
as  for  selected  wavelengths  based  on  FIRAS  data.  The 
first  column  of  results  gives  the  upper  limits  on  the  CIBR 
based  on  the  darkest  spots  observed  on  the  sky.  Because 
no  foreground  components  were  subtracted,  these  values 
are  stringent  upper  hmits  to  any  isotropic  component 
of  the  infrared  sky  brightness.  In  the  second  column  of 
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Table  47.  Upper  limits  and  claims  of  tentative  detections  of  the  cosmic  infrared  background  radiation 


A 

fjbm 

ulu 

nW  sr"^ 

Reference 

_ 

uh, 

nW  sr"'^ 

Reference 

Ref. 

1.25 

393 

±13 

DIRBE  dark  sky 

50  -  104 

DIRBE  residual 

1 

2.2 

150 

±5 

n 

15  -  26 

// 

1 

3.5 

63 

±3 

// 

15  -  24 

n 

1 

4.9 

192 

±7 

n 

9-22 

n 

1 

12 

2660 

±310 

// 

102  -  164 

ft 

1 

25 

2160 

±330 

// 

136  -  210 

n 

D 

60 

261 

±22 

// 

31  -  42 

n 

1 

100 

74 

±10 

// 

20  -  35 

u 

1 

140 

57 

±6 

// 

12  -  63 

// 

1 

240 

22 

±2 

// 

8-33 

n 

1 

111 

108 

FIRAS  dark  sky 

1 

143 

63 

It 

1 

250 

30 

// 

1 

500 

6 

ft 

1 

500-5000 

680/ A  (/xm) 

FIRAS  residual 

2 

400-1000 

3.4  (A/400  yum)-^ 

FIRAS  residual 

3 

10  -  40 

6  h  (A//im)®  ®® 

7-ray  method 

4 

References:  ^  Hauser  (1996),^  Mather  et  al.  (1994),  ®  Puget  et  al.  (1996),  Dwek  &  Slavin  (1994). 
h  =  jffo/lOO  km  s"''  Mpc”''. 

For  conversion  of  the  units  to  MJy/sr  see  Table  6. 


results  the  range  of  DIRBE  sky  brightness  residuals  at 
high  galactic  latitude  after  subtraction  of  “best  mod¬ 
els”  currently  available  for  zodiacal  light  and  emission, 
starlight  and  interstellar  cirrus  are  given.  These  numbers, 
as  emphasized  by  Hauser  (1996),  are  still  preliminary.  The 
uncompleteness  of  the  foreground  modelling  is  reflected  in 
the  fact  that  the  spectrum  of  the  residual  brightness  at 
mid-IR  wavelengths  shows  a  resemblance  with  the  zodia¬ 
cal  light  spectrum.  For  ease  of  comparison,  part  of  Table  6 
on  total  infrared  sky  brightness  in  dark  spots  is  repeated 
here  in  the  left  part  of  the  table. 

Kashlinsky  et  al.  (1996)  have  tried  to  convert  the 
smoothness  of  the  spatial  distribution  of  DIRBE  light  into 
upper  limits  to  a  CIBR  radiation  component  coming  from 
clustered  matter  evolving  according  to  standard  scenarios. 
They  find  that  the  upper  limits  to  such  a  component  be¬ 
tween  1.25  p,m  —  100  /rm  are  by  a  factor  of  4  to  100  lower 
than  the  Hauser  et  al.  (1996)  residual  isotropic  bright¬ 
nesses  given  in  Table  47.  These  values  have  to  be  taken 
with  caution,  however,  since  their  derivation  is  strongly 
model-dependent - 

Using  COBE/FIRAS  data  Mather  et  al.  (1994)  have 
estimated  that  the  CMB  spectrum  between  0.5  mm  and 
5  mm  deviates  from  a  2.726  K  blackbody  shape  by  less 
than  0.03%  of  the  peak  intensity.  Taking  twice  this  amount 
as  an  upper  limit  to  an  additional  CIBR  implies  vBi,  < 
6.8  10-“/A  (^xm)  W  m^^  gf-i. 

Puget  et  al.  (1996)  have  claimed  a  tentative  detec¬ 
tion  of  far-IR  CIBR  using  COBE/FIRAS  data.  They  have 


modelled  and  removed  the  foreground  components  above 
140  pim.  For  estimating  the  interstellar  cirrus  emission 
they  used  its  correlation  with  HI  21-cm  data,  and  for  zodi¬ 
acal  emission  its  spectral  and  spatial  distribution  as  deter¬ 
mined  at  shorter  wavelengths,  A  <  100  /xm.  The  residual 
isotropic  component  claimed  for  the  400  /xm  —  1000  /xm 
range  can  be  represented  by  «  3.4  10~®(A/400  /xm)~® 
Wm-2  sr-P 

An  indirect  method  for  measmement  of  the  mid-IR 
CIBR  is  based  on  the  spectra  of  7-ray  sources,  since  7- 
rays  interact  with  intergalactic  IR-photons  by  pair  pro¬ 
duction,  giving  rise  to  energy-dependent  extinction.  A 
recent  application  gives,  for  A  ps  10  —  40  /xm,  the  re¬ 
sult  uBi,  «  6  h  10“®(A//xm)°  W  m~^  sr“^  (Dwek  & 
Slavin  1994).  The  result  depends  on  the  Hubble  constant 
h  =  Ho/lOO  km  s“^  Mpc~^.  This  estimate  is  by  a  factor 
of  «  10  lower  that  the  DIRBE  isotropic  residuals  at  10 
and  25  /xm,  but  fits  nicely  to  the  DIRBE  isotropic  residu¬ 
als  at  shorter  and  longer  wavelengths  (see  Fig.  79).  Again, 
there  are  uncertainties  in  this  method,  since  the  intrinsic 
high  energy  gamma  ray  spectra  before  attenuation  by  in¬ 
teraction  with  the  cosmic  infrared  radiation  field  are  not 
really  known. 

12.4-  Overview  on  EBL  observations 

Figure  79  summarises  the  current  observational  limits  to 
the  extragalactic  background  light  in  the  wavelength  range 
from  0.1  /xm  to  1000  /xm.  In  the  visual  and  near-infrared 
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Fig.  79.  Summaxy  of  present  observational  limits  and  model  predictions  for  the  EBL.  The  photometric  upper  limits  by 
Dube  et  al.  (DWW),  Toller  (T)  and  Mattila  &  Schnur  (MS)  in  optical  and  the  UV  upper  limit  of  300  photon  units  at  170  nm  (see 
text)  are  shown  as  downward  pointing  arrows.  The  COBE/DIRBE  and  COBE/FIRAS  dark  sky  (total)  brightnesses  between 
1  25  pm  and  500  pm  are  shown  as  crosses  and  open  triangles,  respectively.  The  ranges  of  isotropic  residuals  after  foreground 
subtraction  are  shown  by  vertical  bars  for  the  DIRBE  1.25  pm  —  240  pm  bands  (Hauser  1996)  The  Mather  et  al.  (1994) 
estimate  for  an  upper  limit  of  possible  sub-mm  excess  above  the  CMB  spectrum  is  shown  as  a  dashed  line  between  500  pm 
and  1000  pm.  The  claimed  tentative  detection  of  CIBR  by  Puget  et  al.  (1996)  is  shown  as  a  solid  line  between  400  pm 
and  1000  pm.  Solid  lines  at  10  pm  —  40  pm  are  the  possible  detections  from  Dwek  &  Slavin  (1994);  the  upper  line  is  for 
Ho  =  100  km  s“^  Mpc“^  and  the  lower  one  for  50  km  Mpc“‘.  The  results  from  galaxy  counts  are  are  shown  with  different 
symbols;  Cowie  et  al.:  black  squares;  Tyson;  solid  circles;  Morgan  amd  Driver:  open  circles  (two  values  at  each  wavelength  band, 
see  Table  46  and  text).  In  the  visual  range,  some  model  calculation  results  are  shown  as  well  for  comparison;  solid  lines  are 
after  Yoshii  &  Takahara  (1988)  for  evolving  galaxy  models,  labeled  with  go  and  zf,  where  zf  means  the  epoch  (measured  by 
redshift)  of  galaxy  formation;  the  dashed  line  is  for  a  non-evolving  galaxy  model  with  go  =  0.02.  The  two  dash-dotted  lines  are 
after  Vaisanen  (1996)  for  models  which  include  the  estimated  effect  of  low-surface-brightness  and  faint  blue  galaxy  populations: 
the  upper  line  is  with  Ferguson  &  McGaugh  (1995)  luminosity  function  and  with  luminosity  evolution  (model  labeled  FMB-LE 
in  Vaisanen  1996);  the  lower  line  is  with  a  luminosity  function  evolution  in  accordance  with  the  findings  of  Lilly  et  al.  (1995), 
i.e  extra  brightening  of  the  blue  galaxies  over  the  passive  luminosity  evolution,  and  an  excess  of  a  non-evolving  blue  population 
of  faint  galaxies  (model  labeled  BBG  in  Vaisanen  1996) 


range,  where  discrepancies  between -different  methods  of 
determination  are  particularly  large,  we  also  plot  a  few 
selected  model  predictions  for  comparison,  without  the 
intent  to  discuss  them  here.  Compared  to  the  situation 
ten  years  ago,  the  gap  between  upper  limits  from  direct 
measurements,  lower  limits  from  galaxy  counts,  and  model 
predictions  is  getting  smaller,  being  mostly  less  than  a  fac¬ 
tor  of  t_en  by  now.  A  comparison  with  the  total  sky  bright¬ 
ness  values  shown  in  Fig.  1,  which  are  typically  brighter 
by  two  orders  of  magnitude,  is  informative.  In  this  com¬ 
parison  please  note  that  and  XIx  are  identical  units  of 
brightness. 
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Appendix  B — Spectral  Radiance  of  the  Clear  and  Overcast  Night  Sky  at 
Wavelengths  between  0.5  and  1.1  pm 


Document  released  under  the  authority  of  U.S.  Army  CECOM  RDEC  NVESD. 


B-1 


00 

lO 

CO 

00 

« 


Authors:  D.H.  Hfihn  & 
G.F.  Maffeo 


T-1924-68R 


SPECTRAL  RADIANCE  OF  THE  CLEAR  AND  OVER¬ 
CAST  NIGHT  SKY  AT  WAVELENGTHS  BETWEEN 
0.5  AND  1.1  f-Oti  .  ,4,c/> 


Scientific  and  Technical  Information 
Division 


May,  1968 
(j:i  ‘ 


pp25 


^  in'!  /  v 

-I  A 

.^1.  :  W  \'jzhd! 

^  /•>'  /K\  ^L- — 

^  Vv-,  //  / 

*  -  jL>'^%V.Oi;  /.Ly^  \  >$>  \ 

.^/  /:  /^  ^ .'i  '  A-::C  >  V.rr  ^ 


/J 

~  '■r 


V  /A 

V 

— i! 


/■/  /  li'^*,v.o;;  /.L^  \  .’  \  .  . '. 

;i  ■'■-•  r-j  '»Ti  1;  'tixfZfi'c 


Each  transmittal  of  this  document  outside  tho  Department  of  Defense  must  h  :v 
prior  approval  of  Comaa::di:ig  Officer,  U3  Army  ilc’oility  Equipment  Research 
&  Development  Center,  Fort  Belvoir,  Virginia  22060 


iMZri 

12  JoA  47  ' 


Each  transmittal  of  this  docianont  outside  tha  Department  of  Defense  mu. 
prior  approval  of  CcEsanding  Officar,  Uj  Army  Uobility  Equipment  Resaas 
it  Development  Centor,  Fort  Bel^oir,  yi'oir.La  22060 


REPRODUCTION  QUALITY  NOTICE 


This  document  is  the  best  quality  available.  The  copy  furnished 
to  DTIC  contained  pages  that  may  have  the  following  quality 
problems: 

•  Pages  smaller  or  larger  than  normal. 

•  Pages  with  background  color  or  light  colored  printing. 

•  Pages  with  small  type  or  poor  printing;  and  or 

•  Pages  with  continuous  tone  material  or  color 
photographs. 

Due  to  various  output  media  available  these  conditions  may  or 
may  not  cause  poor  legibility  in  the  microfiche  or  hardcopy  output 
you  receive. 

□  If  this  block  is  checked,  the  copy  furnished  to  DTIC 
contained  pages  with  color  printing,  that  when  reproduced  in 
Black  and  White,  may  change  detail  of  the  original  copy. 


u.  s.  .“icn:  i-'.OBiLiTY  Ec;ji?:'.z:.T  liZoS/iRCH  l  de'/elopme:?] 

PORT  BRLVOIR,  VLROII.'IA  22060 


CZirTER 


1924-68R 


This  translation  fror.  the  German _ ^Language  has  been  prepared 

by  The  Institute  of  Kcdem  Languages,  Inc.,  V'ashington,  D.  C.,  under 
Contract  No.  DAAK02-c3-C-0395  in  support  of  NVL  project _ . 


Hov  to  Obtain  this  Tr'anslation 

USAi-iZRDC  personnel  ray  obtain  loan  copies  of  this  translation  frosv  the 
Technical  Document  Center,  Building  3^5  (Vault). 


ethers 

Military  agencies  and  accredited  contractors  can  obtain  free  copies  of 
this  translation  from  the  Defense  Documentation  Center  (DDC),  Cameron. 
Station,  Alexandria,  Virginia  2231^. 

The  general  public  may  purchase  only  those  translations  specifically 
released  by  USAI'tZRDC  for  sale  through  the  Clearinghouse  for  FederaJ. 
Scientific  and  Technical  Information  (CFSTI),  Sills  Building,  5285  Port 
Royal  Road,  Springfield,  Virginia  221^1. 

Detailed  pricing  information  cay  be  obtained  by  contacting  directly  the 
above  mentioned  agency. 


T2C:-iriICAL  iriFORJ-UTION  LIBRARY  BRANCH 
U3AVZRDC,  FORT  BELVOIR,  VA.  22060 


SPECTRAL  RADIANCE  OF  THE  CLEAR  AND 
OVERCAST  NIGHT  SKY  AT  WAVELENGTHS 

BETWEEN  0.5  ?JJD  1 . 1  ^ 


D 


I  /hi 0 fc 
G.  F. /Maffeo 


— i _ 


Tcaf\ala,tii:/Tr~of  the  articlei^pektrale 
"Strahidichte  des  klaren  und  des  bedeck- 
ten  Nachthimmels  im  Wellenlaengenbereich 
von  0.5  bis  ^ 


<400  9^  o 


T-19^4-6art 


Source:  Report  r,;o.  10  of  the  Astronoiuical  IPiStitute  of 
Tubingen  University 

Autnor:  D.  H.  Hohn  and  G.  F.  Faffeo 
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Abstract 


Mbsolute  radiant  intensities  ^um)'  of  the  moon¬ 

less  night  s<y  under  various  meteorological  conditions  uiere 
investigated  with  the  help  of  a  spectrometer  built  and  cal- 


/I 


ibrated  for  this  purpose,  ( A 'X 
Lacraasing.  to  aX  =  0.1 


,um- 


um. 


Fluctuating 


airgioui  emission  lines  in  the  visible  region  were  always  found 
to  exist  on  top  of  a  continuum  which  steadily  increases  in 
intensity  to  1.1  ancTwhich  consists  primarily  of  un¬ 
resolved  OH  bands  in  the  near  IR.  The  absolute  intensities 
were  found  to  change  considerably  with  the  amount  and  type 
of  cloud  cover,  but  the  spectral  form  (.neglecting  the  linesl 
remained  consistent,  showing  none  the  less  a  definite  tendency 
to  flatten  for  increasing  cloud  cover.  The  dep.endence  of 
radiant  intensities  at  0.5577,  0.6,  and  1.0  on  meteorological 
conditions  were  statistically  examined,  resulting  in  histo¬ 
grams  relating  frequency  of  occurence  with  radiance.  These 
oemonstrate  quantitatively  the  displacement  towards  lower 
intensities  for  increasing  cloudiness,,  s.hmiju-a  .  fantn-r 

i-S~yU»-fop-&laap/1005&-elou*ly-S5The  spectral  radiances 
found  for  clear  skies  agree  well  with  those  found  by  other 


authors. 
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1.  Intruduction 

Ths  brightness  of  the  night  sky  in  the  spectral  range 
batuesn  'X  0*5  and  1.1  yum  consists  of  astronomical  and 
terrestrial  components  (Ref.  1).  Seuarai  astronomical  com¬ 
ponents  contribute  to  the  air  gloiu  produced  in  tha  upper  at- 
maschere.  In  tha  near  infrared,  the  terrestrial  component 
predominates  and  consists  basically  of  the  hydroxyl-band 
emission  at  an  altitude  of  90  km.  ’  The  brightness  of  the  moon¬ 
less  clear  night  sky  was  investigated  experimentally  and 
theoretically  from  a  number  of  different  viewpoints  (Ref.  2,3). 

This  study  reports  on  experimental  investigation  of  the 
brightness  of  tha  moonless  night  sky  at  varying  degrees  of 
overcast  by  clouds  and/or  dust.  Accordingly,  tha  spectral 
radiance  of  the  night  sky  was  determined  in  the  range  X 
between  Q.5  and  1.1  ^um  in  units  of  Ucm“2  ^um.”^  steradian"^ 
in  order  to  make  it  possible  to  discuss,  in  addition  to  the 
spectral  distribution,  also  the  absolute  brightness  as  a 
function  of  overcast  of  the  night  sky. 

2.  Spectrometer 

■  ’For  spectral  analysis  of  the  incident  radiance  from  ths 
night  sky,  we  utilized  a  monochromatic  illuminator  (Carl  Zeiss 
Co.)  with  azimuthal  mounting.  The  radiation  was  cut  down  by 
a  sector  disc  ahead  of  the’  input  slot  so  as  to  produce  a 
periodicity -of  3G0  c/s  and  a  reference  signal  could  he  derived 
from  the  sector  disc.  The  field  of  vision  cf  the  instrument 
was  determined  experimentally  as  1.14  x  10~2  ^  5%  steradian 
(approximately  7°<|>).  The  input  and  ths  output  slot  had  a 
width  cf  1  mm  and  a  height  cf  about  5  mm.  Fig.  1  represents 
the  spectral  slot  width  A  X  as  a  function  of  wavelength  X 
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under  these  conditiens. 

In  order  to  photograph  spectra  in  the  range  X  betueen 
0.5  and  Q.O  ^um,  a  multiplier,  EMI  9553  A(3-2u  cathode)  was 
arranged  beyond  the  output  slot.  Spectra  in  the  range 
bctujccn  0.7  and  1.1  yUtn  luere  maasured  with  a  multiplier,  RCA 
71D2  (3-1  cathode),  cooled  by  liquid  nitrogen.  The  electric 
^  signals  at  the  output  of  the  multipliers  were  amplified, 
phase-sensitiuely  rectified  and  recorded.  The  spectra  could 
be  recorded  in  7  or  26  min  depending  on  whether  a  time  constant 
of  tr  =3  sec  or  =  30  sec  was  required  to  obtain  an  adequate 
signal-to-noisG  ratio-  In  most  cases  “0=3  sec  was  sufficient. 

A  calibrated  quartz-iodine  filament  lamp  (spectral  ir- 
radiance  standard  L-lQl,  Electro-Optics  Acsociation  Inc.,  USA) 
permitted  determination  of  spectral  sensitivity  ^  ^ 

.9.^  (  X  )  Tor  uavelengths  between  0.5  and  Q.S  yum  (EMI  5553  A) 

and/or  0.7  and  1.1  ,um  (REA  3102)  in  regard  to  spectral  radi- 

\  '  \J1S^  \  \ 

ance-  W  (A  ).  The  recorded  curves  U  (  a  )  and  0“  (  A  ) 

could  thus  be  converted,  with  the  aid  of  a  3iBmens-20D2  com- 
puter,  to  spectra  N  (A  )  and  N"  (  A  )  for  which  24  values 
of  and  26  values  of  were  derived  with  the  aid  of  a 

digital  curve  evaluator  (Oscar  H  of  Senson-Lehner) .  The  mean  ^ 
error  of  the  finally  obtained  radiancas  was  15  tc  20%.  Tha 
radiance  equivalent  to  noise  (TJE-SI)  was  about  1  x  '^^Uem'^^um”- 
steradian  at  X  =  0.6  ^um  and  “C  =  3  sec,  and  about  5  x  10“^^ 
liicm“2  steradian  at  1.0  ^um  andT=  3  sec  for  the  RCA 

7102  multiplier-  The  values  determined  under  laboratory  con¬ 
ditions  occasionally  showed  a  fivefold  increase  during  night- 
sky  measurements  which  must  be  ascribed  to  the  external  con¬ 
ditions  under  which  the  instruments  operated  at  the  respective^ 
location.  However,  the  recording  of  night-sky  was  nevertheless 
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nnncrallv  (incomplsts  sentence  in  cnurce).  In  -vieiJ  of 

2  "I  "1 

applicatiens ,  the  unit  ticm— ^urn”"^  sterariian  Lias  pre¬ 
ferred  ever  the  unit  R  (Ref.  3)  generally  used  uiith  clear 
night  sky. 


5.  Classification  of  Overcasts  in  Wight  Skies 

Since  airglcui  as  well  as  the  astronc-nical  components 
of  the  brightness  of  the  night  sky  originate  outside  of  the 
atmospheric  range  which  can  be  characterized  by  rneteorological 
parameters  measurable  on  the  ground,  the  type  of  overcast 
is  the  dominating  factor  in  the  night-sky  spectrum  under 
differing  meteorolocical  condirions.  The  variations  of 
brightness  of  the  airgiou  produced  by  changes  of  state  in  the 
emitting  layers  of  the  upper  atmosphere,  altitude  90  km  and 
25Q-hGQ  km),  are  here  assumed  as  given  and  not  further  in¬ 
vestigated.  The  overcast  of  the  night  sky  produces  absorption 
end  scattering  of  the  radiation  uhich  is -the  source  of  the 
brightness  of  the  night  sky.  As  shouin  by  observations  in 
cay  time,  since  the  scattering  and  absorption  by  clouds  is 
not  greatly  dependent  on  wavelength,  the  form  of  the  spectrum 
of  the  night  sky  at  wavelengths  between  0.5  and  1.1  ^um  is 
probably  not  greatly  dependent  on  the  type  of  overcast  if 
wo  disregard  that  the  depths  of  the  absorption  bands  of 
water  vapor  may  greatly  vary  at  X  =  0.9  ^um  and  1.1  ^um. 

The  absolute  brightness  of  the  night  sky  will  depend,  however, 
greatly  on  the  type  of  existing  overcase  as  can  be  verified 
even  wi’tlr  the  bare  eye, 

A  further  parameter  is  the  albedo  of  the  landscape  in 
which  the  measurements  of  the  night  sky  are  carried  cut. 

The  measurements  in  the  Alpine  region  of  Central  Europe  were 


m?dc  uith  and  luithout  sncw  caver  cg  that  mean  and  very  high 
aldedn  uern  recorded.  The  determination  of  the  type  of 
cvercaet  of  the  night  sky  is  knoun  to  ha  a  nrablarn  not  yet  - 
satisfactorily  solved  uith  existing  instronentation.  It 
uac  determined  here  viseally  for  a  scale  of  five  types 
of  overcast  T  =  0,  1,  2,  3  and  U  uhich  signify  the  follouing; 

Q  =  rain;  1  =  very  cl'^udy,  stars  net  visible,  principally 
stratus  and  nimbostratus;  2  =  clouds  betuean  1  and  3;  3  = 
cirrestratuG  and  haze  or  slight  fog,  the  brightest  stars 
are  visible;  U  =  clear  sky. 

Tynes  □,  1,  3  ano  4  can  be  determined  visually  very  uell 
but  type  2  is  alucys  ambiguous.  It  contains  nixed  forms  of 
overcast  and  only  partially  and/or  rapidly  changing  cloudiness 
iVctercicgically,  this  case  is  difficult  to  dsierrnine  definitel 
since  ths  circumstances  in  the  field  of  vision  of  the  spectro¬ 
meter  (approximately  7°  PHI)  may  vary  greatly  during  recording 
of  tho  spectrum  so  that  the  latter  has  only  minor  probative 
value  or  must  be  entirely  eliminated.  Measurements  uith  snou 
on  the  greund  are  identified  by  addition  of  3  in  uhich  0  S 
signifies  falling  sneu  and  i  S,  2  S,  3  S  and  4  3  signify 
corresponding  overcasts  uith  sncu-covered  ground. 

From  our  earlier  considerations  on  the  effect  of  over¬ 
cast,  it  may  be  expected  that,  uith  continuation  of  the 
form  in  principle  of  the  spectrum  of  the  night  sky,  the 
radiance  of  the  night  sky  decreases  in  the  mean  from  T  = 

□  to  T  =  4.  Under  rediant  values  corresponding  to  T  =  2, 
relatively  strong  scattering  may  be  expected... 
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k.  Locaticn  dP  iXeasurEmont 

Trial  nEarsurar^Gntc  ware  carried  cut  at  differEnt  remote 
iccatinno  in  the  South-German  area.  They  all  indicated  that, 
eeoaoially  at  nvcrcact  r.ky,  almnat  everyuhere  an  illumination 
of  the  nioht  sky  is  oreoont  cue  to  the  scattered  liqht  from 
artificial  oourceo.  Particularly  in  the  near  infrared, 
moaaijremcnfcs  of  the  night  skyara  than  no  longer  possible 

f 

because  in  contrasr  to  the  visible  spectrum,  the  form  of  the 
spectrum  cf  scattered  light  from  artificial  sources  carnet 
be  di f f erentiotnri  from  that  cf  the  undisturbed  spectrum  cf 
the  night  sky  uith  the  resolution  of  uavslength  hare 
utilized  (cf.  Fin.  1) 


At  Schsibrand  (Fitztal,  Tyrol)  in  Austria,  scattsred  light 
from  artificial  sources  could  be  excluded  under  all  meteorcicnical 
conditions  uith  statistically  reliable  probability.  Fig.  2 
sheus  the  view  from  the  locaticn  of  measurement  toward  South- 
Southaact.  Measurements  could  be  made,  at  an  azimuth  JL=  145° 
(north  C°,  numbering  across  East),  at  a  range  of  altitude 

about  the  horizon  of  ZD°  breu  20°  L  W  L  50.  The  Zenith 
and  tna  Northern  sky  could  not  be  included  since  the 
instrumentation  was  installed  on  a  porch  facing  South  and  be¬ 
low  a  projectinn  roof  in  order  to  be  able  to  measure  also 
during  rain  and  snowfall.  During  the  three  series  of  data 
made  here  the  changes  of  weather  frequent  in  the  Alpine 
region  made  it  possible  .to  work  under  very  different  over¬ 
casts  of  the  night  sky  (4  nights  in  August  1956,  10  nights 
in  October  1966  and  10  nights  in  March  1967  uith  snow). 

5.  Discussion  of  Findings 
5.1  -  Spectral  Range  X  0.5  to  0.9 
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In  this  chapter,  uc  discuss  first  the  form  of  the 
spectrum  of  the  night  sky  at  wavelengths  between  0.5  and  0.8 
^um  and  regard  the  radiance  of  the  night  sky  at  0.557  ^um, 
recorded  with  a  spectral  slot  width  of  ^  \  =  0.015 

yum,  as  a  function  of  altitude  under  different  overcasts 
of  the  night  sky.  Subsequently  we  statistically  investigate 
the  radiance  as  a  function  of  the  types  of  overcast  defined  '• 
in  Section  3. 

5.1.1  -  Form  of  the  Spectrum 

UIS 

The  figures  3~a,  -b  and  -c  represent  3  spectra  N 
of  tha  night  sky  at  wavelengths  between  0.5  and  0.8  ^um 
photcgraphed  with  clear  sky  (type  4  and  type  S)  at  a 
height  of  h  =  6Q“.  Characteristic  are  the  intense  night- 
sky  lines,  green  at  0.5577  yUi\  (01),  the  sodium  line  at 
0.5SS3  yum  (fJal,  doublet)  and  the  non-resolved  red  lines  at 
0.6300  and  0.63SA  ^um  (01)  which  are  visible  in  the  spectra 
with  varying  intensity.  They  lie  along  a  continuum  con¬ 
sisting  of  the  so-called  green  continuum  of  the  airglow  and 
extraterrestrial  irradienca  to  which  hdroxylband  emission 
contributes  which  begins  at  about  0.5?  ^um.  It  causes  the 
further  characteristic  trace  of  the  night-sky  spectra  in  this 
range,  i.e.  the  increase  of  spectral  radiance  to  wavelengths 
as  far  as  0.8  ^um. 

The  variations  of  radiance  of  these  night-sky  lines 
have  not  been  correlated.  Only  the  radiance  of  the  sodium 
line  is  correlated  to  that  of  the  hydroxyl-band  emission 
(Ref.  3,i»,5,6,7). 

The  radiance  of  the  green  night-sky  line  (Ref.  2,  3, 
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a  and  specifically  5  and  9)  varies  each  night  and  during  one 
and  the  same  night  very  greatly  and  irregularly.  It  shous 
no  pronounced  nocturnal  variation.  Occasionally,  a  ueak 
midnight  maximum  uas  observed  in  mean  latitudes.  The  annual 
variation  here  appears  to  possess  in  October  a  maximum  of  the 
monthly  mean  (Ref.  9).  The  radiance  of  the  line  is  correlated 
to  that  of  the  so-called  green  continuum  of  the  airglcu 
(Ref.  5).  The  frequency  distribution  of  the  radiances  is 
"oblique".  Idith  minor  probability,  there  also  occur  very 
intense  radiances  which  must  ba  ascribed  to  increased  excitation 
of  emission  by  polar  lights.  In  mean  geographic  latitudes, 
the  radiance  of  the  grean  night-sky  line  varies  between 
50  and  700  R  with  a  mean  of  about  250  R.  If  we  add  to  this 
the  mean  component  of  the  hydroxyl-band  emission  (20R) 
falling  in  the  region  \  =  0.015  yum,  and  other 

continuous  radiation  (240  R)  (Kef.  2  and  specifically  Raf. 

10),  then  raoiance  at  0.557  ^um  may  hera  assume  values  between 
6  x  lO”^*^  and  18  x  10~^*^  Ulcm’’^^um~^  steradian”^. 

The  radiance  of  the  sodium  line  exhibits  a  pronounced 
minimum  in  summer  and  maximum  in  winter  but  not  a  nocturnal 
variation  in  the  mean.  In  the  summer,  its  intensity  varies 
between  10  and  200  R,  in  the  winter  between  10  and  400  R 
with  a  mean  at  10  and/or  100  R  (Ref.  2,  3,  8  and  specifically 
Ref.  5).  If  we  add  to  this  again  the  mean  components  of  the 
hydroxyl-band  emission  (60R)  and  the  continuous  radiation 
(288  R)  in  the  spectral  interval  of  ^  X  =  0.018  ^um 

utilized,  we  then  find,  for  the  radiances  in  summertime  at 

0.5893  /Um,  values  between  5  x  lO”^^  and  7  x  lO”^  lilcm”^  /um”^ 

■'■^-1  -ID  ' 

steradian  ,  and  values  for  winter  between  5  x  10  and 

10  X  10  UJcm  ^yUwT^  steradian 
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The  red  night  sky  line  (Ref.  2,  3,-  8  and  specifically 
Ref,  5)  shotijs  annual  variation  in  the  mean  but  a  pronounced 
nocturnal  variation.  Its  radiance  passes  through  a  wide 
nocturnal  minimum  which  is  subject,  however,  to  rather  great 
variations  and  is  moreover  interrupted  by  brief-interval 
brightness.  In  mean  geographic  latitudes,  we  find  radiances 
between  20  and  4Q0  R.  UJe  can  utilize,  for  the  midnight 
minimum,  kQ  R  as  meah  value.  At  a  spectral  slot  width  of 

X  =  Q.Q2A  /um,  radiance  at  0.63  .urn  may  therefore  vary 

-10  -10  -2  -1  -1 
between  6  x  10  and  10  x  10  Ucm  ^um  steradian 

where  150  R  have  been  added  as  mean  component  of  the  hydroxyl- 

band  emission  and  3A8  R  as  mean  component  of  the  continuous 

radiation  (Raf.  2  and  specifically  Ref.  ID). 

After  calculation  of  additional  mean  radiances  at  wave¬ 
lengths  between  0,5  and  0.8  yum  (Ref.  10),  we  were  able  to 
plot  in  Fig.  4  the  schematic  gradient  of  the  spectral 
radiance  of  the  night  sky  to  be  expected  for  the  spectral 
resolution  here  utilized.  For  "X  not  greater  than 
0.7  ,um,  we  utilize  a  continuous  background  (night-cky 

/  O  O 

continuum  0.3  R/A  and  astronomical  contiuum  1.3  R/0) 
of  1.6  R/A  (Ref.  1).  At  \  =  0,75  ,um,  we  took  into 

/  O 

consideration  only  the  astronomical  component  of  1,3  R/A. 

The  value  at  0.8  yUm  corresponds  to  the  pure  hydroxyl-band 
emission. 

The  range  of  variation  of  radiance  at  the  locus  of  the 
intensive  night-sky  lines  corresponds  to  the  hachured  areas. 
The  spectra  measured  with  clear  sky  agree  well  with  the 
schematic  spectrum  corresponding  to  the  findings  of  other 
authors.  Additional  variations  are  due  to  the  variation  in 
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time  of  the  hydroxy 1-band  emission  end  to  variations  of  the 
contineous  radiation  (Ref.  5). 

Although  variable  in  detail,  this  characteristic  form 
of  the  night-sky  spectrum  is  maintained  even  with  overcast 

I  #**  C  ^ 

sky  as  demonstrated  by  the  spectra  i  /\  J  ia  Fig.  5 

They  uere  recorded  at  the  types  of  overcast  Q  (Fig.  5-a),  1 
(Fig.  5-b),  2  (Fig.  5-c)  and  3  (Fig.  5-d).  The  available  ma¬ 
terial  of  167  spectra  was  tested  by  comparative  examination 
of  the  spectra  for  maintenance  of  this  characteristic 
form.  Accordingly,  the  relative  night-sky  spectrum  dess  not 
appear  to  be  subject  to  variation  as  a  function  of  the 
overcast-  of  the  sky  which  go  much  beyond  the  large  range  of 
variation  of  the  spectrum  of  the  clear  night  sky  discussed 
and  sketched  in  Fig.  4.  A  precise  investigation  of  this 
question  would  be  passible  only  if  measuramer.ts  could  be 
made  simultaneously  above  and  below  a  cloud  cover  which  can 

be  attempted  only  in  the  cobrse  of  further  observations  of 
\ 

the  night  sky.  This  should  disclose  the  certainly  existing 
dependence  on  wavelength  of  the  reduction  of  irradiance 
from  the  night  sky  by  the  respective  existing  overcast. 

For  the  time  being,  the  schematic  sprectrum  shown  in 
Fig.  4  can  be  utilized  also  as  model-  for  the  relative  night 
sky  spectrum  with  overcast  sky. 

5.1.2  -  Radiance  at  0.5577  ^um  as  Function  of  Altitude  above 
■  "Horizon 

It  should  be  painted  out  that  we  speak  hare  always  of 
the  radiance  at  X  =  0.557  ^um  as  measured  with  the  spectral 
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slot  uidth  QfA\=  Q.Q}5  ^um.  Tha  continuun  uhich  is  tha 
location  of  the  green  night-sky  line,  was  not  determined 
in  this  study  so  that  it  is  not  possible  to  convert  to 
the  radiance  of  the  line. 

Uith  clear  sky,  the  radiance  of  night-sky  emission 
,  increases  with  decreasing  altitude  because  the  path  of 
tha  visual  ray  in  the  emitting  atmospheric  layer  here  is 
prolonged.  In  addition,  however,  atmospheric  extinction 
increases  uith  decreasing  altitude  so  that  the  radiance 
passes  through  a  maximum  near  the  horizon  (Ref.  3). 

In  Fig.  6,  the  values  corresponding  to  a  clear  sky 
(type  4)  shou  the  expected  increase  uith  decreasing  h  in  /H 
the  range  of  altitude  20“  not  greater  than  h  not  greater 
than  60“  accessible  to  measurement.  The  values  here 
entered  for  other  types  of  overcast  demonstrate  the  dif¬ 
ficulty  of  such  measurements  as  a  function  of  altitude 
uith  overcast  sky  uhen  spectra  are  recorded  as  here.  In 
the  required  time,  the  brightness  of  the  overcast  sky 
both  changes  as  a  uhole  as  uell  as  in  individual  sections 
independently  of  each  other  generally  so  greatly  that  the 
values  can  scarcely  be  correlated. 

Houever,  ue  are  able  to  derive  from  Fig.  6  that  tha 
variation  is  not  particularly  great  uith  altitude  and  that 
it  is  rather  less  uith  overcast  than  uith  a  clear  sky. 

This  is  10'  be  expected  from  the  Lambert  lau  because  a 
cloud  illuminated  from  above  uould  radiate,  as  an  optically 
thick  medium,  dounuard  in  the  ideal  case,  i.e.  uithout  any 
dependence  on  altitude.  Houever,  the  conditions  are  greatly 
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n’.cdificd  dy  the  variable  thickness  of  the  overcast,  i.a. 
its  deed  strsetsre.  Ue  niust  further  take  into  consideration 
the  tc?egre;3hy  ujhich  leads  with  lou  cloud  cover  to  special 
condi-iens  u-hen  maesur.araents  are  riads  in  a  steeply  cut 
Alpine  valley  in  order  to  prevent  interference  from  art¬ 
ificial  sources.  Since  all  these  influences  so  far  have 
not  been  investigated,  all  of  the  radiances  measured  at 
all  altitudes  20“ ‘not  greater  than  h  not  greater  than  60“ 

Lucre  utilized  as  statistically  equivalent  in  this  first 
investigation  of  radiance  as  a  function  of  overcast  of  the 
night  sky.  This  produced  a  mean  over  all  of  these  effects. 

5.1.3  -  Radiance  at  0.556  ,u.ti  uith  Differing  Overcast  of 

'  /I 

the  Wight  Sky  — 

In  order  to  detect  the  radiances  W  (0.557  .am)  measured 

*v_  /  \ 

as  A  A  =  0.557  yum  uith  a  spectral  slot  width  cf  ^  =  0.015  ^am 

as  a  function  of  overcast  of  the  night  sky,  there  are 
discussed  the  frequency  distributions  of  the  radiances 
measured  at  the  types  of  overcast  T  define  in  Section  3. 


Since  tha  number  of  the  available  values  N  (0.557  yurn)^ 

is  net  very  large  as  shoun  in  Table  1,"  there  are  indicated 

histograms  p  ,;q.557  ^um)^  of  the  frequency  distribution. 

For  this  purpose,  the  number  of  values  N  (0.557  .am),  was 

'  -10 

cetermined  in  classes  of  radiance  of  the  width  1  x  10 


-2 


ucm  ^um 


-1 


-1 


steradian  *.  After  normalization,  there  result 
he  histograms  shown  in  Fig.  7.  Ue  plotted  the  distribution 
of  all  of  the  values  measured  for  one  type  and  the  hachures 
indicate  the  distribution  of  the  values  maasured  with  snow. 

In  addition,  we  determined  the  theoretical  value  of  radiance, 
i.e.  the  barycenter  (W  (0.557  ^am)^)  frequency 
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clistributian  and  entered  it  in  Fig.  7  as  arrou.  The  Icr.g 
arroui  indicates  the  bary  center  cf  the  overall  distribution 
and  the  shorter  one  that  of  the  distribution  of  the  values 
in  uinter.  In  Table  1  is  given  the  nuir.ber  of  the  values 
l\i  (0.5577  ^uRi)y  per  type  of  ovcrcase  and  the  related  bary 
center  as  uell  as  the  corresponding  values  for  frequency 
distributions  of  all  values  PJ  (0.5577  ^um). 

Ue  deterninad  2  distributions  for  all  values  l\!  (0.5577 

yuri),  i.e.  p  (0.5577  ^un)  and  p^  (0.5577  ^um).  At  p  ,(2.5577 

yum),  all  measured  values  uare  classified  as  specified  and  . 

subsequently  normalized  to  the  total  number  of  the  values. 

Since  only  relatively  short  series  of  measurement  could 

be  made,  the  number  of  the  values,  i.e-  of  the  measured 
UIS 

spectra  l\i  ,  per  type  of  overcase  should  not  be  regarded 

/13 

as  representative  for  the  annual  distribution  of  night-sky 
overcast.  Such  a  distribution  also  could  not  be  obtained 
for  subsequent  normalization  since  the  statistics  of  the 
degree  of  overcast  from  meteorolcgical  observations  of  the 
Csi  tral  Office  of  the  German  Heather  Sarvice  do  not  give 
any  information  on  the  type  of  overcasi:.  As  a  substitute, 
ue  therefore  determined  here  a  distribution  (0.5577 
^um)  uhich  uas  normalized  to  the  equal  distribution  of  the 
selected  types  of  overcast  T.  For  this  purpose,  the  values 
p  (0-5577  ^um)  per  class  of  radiance  must  be  summated  and 
normalized  to  ohe  number  of  types  of  overcast,  i.e.  5. 

Fig.  S  represents  both  distributions  graphically. 

Fig.  7  shows  that,  with  decreasing  heaviness  of  over  - 
cast,  i.e., in  the  sequence  of  T  =  0  to  T  =  4,  the  measured 
radiances  increase  in  the  mean  es  expected.  The  distributions 
p  (0.5577  ^um)y  and  bary  centers  are  displaced  toward 


highsr  radiances  as  shaun  by  Table  1.  That  the  values 
maacurec  uith  snauj  and  overcast  sky  are  higher  in  the  mean 
than  those  uith  clear  sky  can  ba  interpreted  as  reFlecticn 
of  the  radiation  from  the  snou  cover  and  frcn  the  over¬ 
cast  sky.  The  latter  is  eliminated  uith  clear  sky  so  that 
a  displacement  to  higher  radiances  does  not  occur.  Let 
us  state  here  and  nou  that,  in  the  near  infrared,  an  in- 
*  crease  of  mean  radiance  occurred  in  uinter  also  uith  a  clear 
sky  (cf.  Section  5.2.3).  The  variation  of  radiance  at 
0.557  ^um  uith  clear  sky  is  so  great,  houever,  that  this 
effect  is  not  yet  statistically  reliably  confirmed  in  vieu 
of  the  relatively  small  number  cf  the  available  values. 

Le  therefore  plotted  in  Fig.  7  also  histograms  in  uhich 
the  summer  and  uinter  values  uere  CDm.bined.  The  bary  centers 
of  these  distributions  can  ba  utilized  as  approxim.atian 
for  the  theoretical  values  of  radiance  at  0.5577  ^um.  The 
daviations  from  these  bary  centers  may  be  very  large  as  /14 
shoun  by  the  histograms.- 

The  histogram  of  the  values  TJ  (0.5577  (Fig.  7) 

shcus  'Chat  the  uidth  of  the  distributions  is  basically 
determined  by  the  natural  variation  of  the  radiance  of  the 
green  night-sky  line  uhich  is  here  entered  as  a  bar  ac¬ 
cording  to  the  considerations  in  Subsection  5.1.1.  (cf. 

Fig.  L).  Even  the  form  of  distribution  uhich  is  oblique 
and  uhcse  median  is  less  than  its  bary  center,  agrees  ueli 
uith  the  distribution  of  radiance  of  the  grean  night-sky  line 
as  it  is  indicated  in  Ref.  2.  The  displaceaant  from  the 
zero  point  to  higher  radiances  corresponds  to  the  continuous 
background  in  the  range  A  'X  =  0.015  yum  in  tbs  surroundings 
of  the  line.  The  extension  touard  higher  radiances  may 


15 


contain  polar  lights.  In  tha  fJorth  cf  Germany 
and  etecifically  in  the  Scondinauian  area,  it  uill,  espacially 
in  yuors  of  maximum  sunspota,  increase  to  even  higher 
redionces  and  may  also  contain  higher  frequencies. 

The  2  total  distributicn  in  Fig.  3  which  are  net 

differentiated  characteristically,  are  ohlique  in  tha  same 

sense.  The  annual  distribution  of  radiance  at  D.557  ^um 

in  Central  Europe  should  lie  in  the  neighborhood  of  these 

dissributions  and  probably  consists  of  a  less  structured 

blcck  with  probabilities  on  the  order  of  0.1  which 

-9  -2  -1  -1 

extends  to  about  10  Idem  ^um  staradian  and  to  which 
she  extension  toward  higher  radiances  succeeds  which  is 

ccr.oiticned  by  peek  values  of  the  night-sky  glow  or  even 
by  week  polar  lights  ae  0.3577  ^um  (01).  It  contains 
values  which  are  encountered  with  clear  sky.  Tha  values 

here  cccurring  more  frequently  still  lie  in  this  block, 

-9  -2  -1  -1 

i.e.  below  10  idem  ^utn  steradian  . 

5.2  -  Spectral  Range  between  0.7  and  l.l^um 

Ida  shall  again  discuss  first  the  form  of  the  night-sky 
spectrum  at  wavalangths  between  0.7  and  1.1  yura  and  tha 
dependence  on  altitude  of  the  radiance  at  a  selected  wave¬ 
length,  i.e.  'S  =  1.0  .urn,  recorded  with  a  spectral  slot  width 
of  /I  j\  =  O.Qo5  ^um  and  under  differing  ovarcest  of  tha 
night  sky.  Subsequantly  we  shall  statistically  investigate 
the  radiances  at  0.3  ^um  =  0.052  ^um)  and  1.0  ^um 

(  A  A  =-0.035  yUm)  as  a  function  of  the  types  of  overcast 
dafinad  in  Section  3. 
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5.2.1  -  Fora  of  the  Spactrum  i 

j 

IH 

Figa.  9-a,  -b  and  -c  represent  night-sky  spectra 
berueen  G.7  and  1.1  ^um,  phatcgraphad  uith  clear  sky 
(T  =  and  4  3)  at  a  height  of  h  =  6Q“.  In  this  spectral 
range,  the  structure  cf  the  spectruaj  is  basically  simpler 
than  in  the  visible  spectral  ranga.  7ha  increase  of  the 
radiance  to  longer  uavelangths  beginning  here  continues 
througnout  the  entire  spectral  range  considered.  It  is 
interrupted  only  by  the  mere  or  less  strongly  manifested 
absorption  band  of  uater  vapor  at  0.9  ^um.  Other  atmospheric 
absorptions  lying  in  this  spectral  range  are  not  visible 
in  the  spectra  by  reason  on  the  large  spectral  slot  uddth 
(cf.  Fig.  1)  uith  uich  ua  operated.  Absorption  of  uater 
vapor  at  1.1  ^utn  could  not  be  detected  quantitatively  since 
the  sensitivity  of  a  S-1  cathode  is  here  already  extra¬ 
ordinarily  lou.  Sinca  the  0.9  yum.band  also  could  not  be 
accurately  detected  by  reason  of  the  high  noise  in  the  in¬ 
frared  recordings,  it  is  not  investigated  in  the  follouing. 

This  uould  also  require  atmospheric  moisture  profiles  at 
the  Icous  of  measurement  uhich  uere  not  available. 

Tho  entire  radiance  existing  in  the  range  betuesn  7  and  /16 

1.1  ^um  originates  basically  from  the  hydroxyl-band  emission 
in  the  etmosphere  at  an  altitude  of  about  SO  km.  So  far 
little  is  known  on  tha  component  of  extraterrectrial 
radiation  from  the  radioplanimstric  investigations  in  this 
spectral  range.  The  separation  of  the  astronomical  from 
the  armcspheric  component  is  hers  extraordinarily  difficult, 
particularly  since  the  latter  is  probably  essentially 
larger  than  the  former  uhich  is  also  shewn  by  the  photc- 
graphio  spectra  in  Ref.  10.  For  comparison  of  the  present 


rr.2:i;3'-ru::.2nt3  uith  ths  findings  of  other  authors,  ue  can 
therefore  turn  only  to  the  hydroxyl-band  emission.  It 
sp.Guld  ba  noted  here  that  the  components  uere  also  not 
separated  in  this  study  so  that  a  comparison  is  entiraly 
permissible. 

The  radiance  of  the  hydroxyl-band  emission  corralated 
to  the  sodiumamissicn  (Sef.  5,  6,  7)  shous  no  nocturnal 
v/ariaticn  in  tha  mean  but  does  shou  an  annual  variation. 

In  the  mean  geographic  latitudes,  mean  radiances  4  times 
higher  mere  found  in  winter  than  in  summer  (Ref.  5,  11). 

This  annual  variation  (Raf.  3),  more  or  less  pronounced  in 
individual  cases,  is  superposed  by  varievicn  between  different 
nights  or  within  one  and  tha  same  night  where  tha  radiance 
may  vary  oy  about  +/-5D%  according  to  Ref.  3. 

£o  far  there  are  available  mean  experimental  and  thaor- 
atioal  band  intensities  (Ref.  1.  2,  10)  which  agree  well 
and  permit  tha  assumption  that  the  relative  form  of  tha 
hydrcxyl-band  spectrum  remains  largely  constant  although 
this  guastion  so  far  has  exparimar.tally  not  been  accurately 
invasaigated.  From  indications  in  Ref.  10,  there  was 
constructed,  for  the  spectral  slot  width  utilized,  a  sohamatic 
mean  night-sky  spectrum  between  O.S  and  1.1  ^um.  Disregard¬ 
ing  the  net  very  intensive  O2  bend  at  0.665  ^um  (500  R), 
the  values  represent  only  hydroxyl-band  emissions. 

Fig.  10  represents  this  schematic  spectrum  together 
with  the  schematic  spectrum  starting  at  0.5  ^um  (Fig.  4) 
where  atmospheric  absorption  was  not  taken  into  account. 

For  comparison,  a  spectrum  was  composed  in  Fig.  11  of  the 
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2  spsctra  in  Fig.  3-3  and  9-a.  ThR  absorptiDn-  at  0.9  ^uni 
can  here  by  clearly  racognized.  Hath  representatives  agree 
Ljell  in  indicating  tba  high  increase  of  radianca  cf  the  night 
sky  in  the  near  infrared.  It  is  in  general  not  adeguecely 
ziani  fasted  only  ay  reasan  of  the  decreasing  receiver  sen¬ 
sitivities  in  this  spectral  range. 

This  sinple  and  characteristic  ferm  cf  the  night-sky 
spcctrazi  betuieen  0.7  and  1.1  rsziains  basically  preserved 
even  with  overcast  sky  as  is  demar.strated  by  tha  spectra 
in  Fig-  12-a  to  -d. 


From  tha  above  considerations,  tha  farm  cf  tne  hydroxyi- 
hand  spectrum  of  the  clear  night  sky  can  be  assumed  as 
ccnscant,  disregarding  atmospheric  absorption.  If  ue  assume 
further  that  the  radianca  of  the  hydroxyl-band  emission 
did  not  essentially  change  during  photographing  of  a  spectrum 
(generally  7  min),  then  the  relation 

V,;,  _  fi  (1.0  /um) 
i\i  )0.5  ^um; 

can  ba  employed  for  characterizing  the  form  of  the  spectrum 
under  different  types  of  overcast.  Gamma  theoretically 
possesses  the  value  cf  4  (cf.  Fig.  10)  if  atmospheric 
absorpiten  is  not  also  computed.  The  values  1.0  ^um  and 
Q.S  yUm  were  selected  because  the  radiances  decrease  at 
'X  less  than  Q.o  yum  and  tha  sensitivity  of  the  S-1  cathada 
greatly  decreases  at  \  greater  than  l.Q  ^um  luhich  uauld 
lend  to  large  errors  in  both  cases.  The  radiances  at  both 
uiavelengths  but  especially  at  l.Q  ^um  are  influenced  by 
the  absorptions  bands  of  water  vapor  at  0.9  and  i.l  ^um  so 
that  these  are  considered  in  part  in  the  er.piricai  detection 
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■  0  r.T. 


t.'ia  niQht-3'<y  apcictruni  thrsugh  tnu  rcl-'-icn 


In  crcicir  in  obtain  niuan  voluoo  for  go.T.r.a,  ljc  cclculatod 
r.-.oon  yaloo 


y.iCl.C 


for  eoon  typo  of  cvorcHst  7=0+0  S,  1+1  S,  2+25, 

5  +  3  S  and  i>  +  4  S.  Tbasa  valuoo  ara  indicatad  in  Tabls 
2.  Jitb  docreasing  cyorcaat,  ti'.sy  incroase  from  2  to  3. 
Tf.aa  aba  vaioE  U  is  not  attainod  sr.d  that  (garr.t'.ay)  avan 
drcto  to  2  undar  precipitation  niust  be  ascribed  prirr.arily 
to  the  absorption  of  tjater  vapor  Lchicin  influancss  tha 
valoa  i'v  (1.0  yum)  more  strongly  than  the  value  W  (C.S  yUtO. 
For  this  reason  (gaxaa-)  drops  uith  increasing  uater-vapor 

i 


Pt  leu  spactral  resolution,  the  slope  of  the  spootrum 
therefore  drops  in  the  near  infrared.  To  uhat  degree, 
in  aodition  to  tha  absorption  in  bands,  the  depcnaer.ee  on 
ueveler.gtn  of  the  continuous  recuction  of  radiation  perticipatas 
in  this  and  unat  form  the  latter  possesses  carinot  be  detcrrr.inec 
fron;  tha  present  material.  This  uculd  require  rr.eaeuro.T,Br.t 
absve  end  belou  a  cloud  cover  as  already  stated- 

5-2.2  -  .Sediance  at  1-0  ^um  as  Function  of  Altitude  aoove 
Hori zon 

In  co.T.plementation  to  Section  5.12,  ua  should  nota  hare 
that  the  variation  of  radiance  at  1.0  ^um  uith  aloituoa  is 
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vcrv  r-.lr.or  aver,  in  the  deer  cky  ee  choen  b\/  Fig.  13. 

Thia  r.eet  be  again  ascribed  to  the  absorption  of  water 
vapor  at  0.9  and  1.1  which  inoresssa  with  decresol.-.g 
eititeoe  ir.ors  t.Po.h  extinction  at  0.5577  end  influences 
the  roeianoe  r.cooured  at  l.Q  ^un.  Uith  overceot  sky,  the 
eeper._er.u3  on  altitude  is  even  Ices  es  is  shown  by  t.te 
veluoo  in  Fig.  13  in  spits  of  their  considerebla  scattering. 
Acoardi.ngly ,  we  eosun'.ed  the  values  itsssurad  at  various 
altitudes  in  the  investigation  of  rsdiencs  as  a  function 
of  typos  of  Qvarcast,  to  be  statistically  equivalent. 


5.2.3  -  Radionoe  at  O.S  a.'.d  1.0  yur.  u.nder  Differing  Overcast 
of  tha  r.ight  Sky 

Ag  for  K  (0.5577  histogremo  p  (0.8  yum)_  or.d 

p  (1-G  yur?,)^  of  the  frequency  dictribotion  of  radiance 

wera  oeternined  aloo  for  W  (0.3  ,u.t)  end  fJ  Cl.Q  .u.v.). 

^  '  -lu 

T.-.a  wiath  of  the  radiance  classes  utilized  was  1.5  x  Iw 

-o  _i  _1 

L'e.r.  “  ^u.t  sturadien  at  1.0  ^u-t.  The  reiaticn  of  tne 
individual  radiance  clacsss  is  of  approxiraetely  the  sans 
nagnituds  as  the  reiaticn  of  tne  it, sen  rediancas  at  t.hsoe 
wavelengths.  Consequently,  the  occupation  per  radiance 
class  also  lies  around  t.he  sa.te  order  of  r.agr.ituda. 


rig.  1h  and  15  graphically  represent  the  histonrar.s 
p  (0.3  /U.t)_  and  p  (1.0  wnere  the  distributicn  of  the 

vsiuas  r.easured  uith  snou  are  again  shewn  in  hachuras. 

The  daryeenters  of  the  cistributions  are  entered  as  arrows. 

The  snort  arrows  correspond  to  rr.easurecie.nts  in  winter. 

.^ig.  16  and  17  represent  the  overall  distributions 
(0.9 -^um)  and  (0.8  ^un)  and/or  p  (l.C^u.-n)  and  p  (1.0  ^u,t,). 
(  "X  )  again  represents  the  distribution  of  the  values 
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ir.cuci.r-w J  hers.  At  (  X  ) ,  the  equipsrtiticn  of  tJ’.o  typas 
of  c\/arcaoto  uoo  cisainec  e3  slreedy  discuosed  in  Sacticn  5.1. 
Tcdlo  5  indicatss  tda  moaoured  r.L.-.i:ar  of  radiance  valuas 
par  z\jpB  of  ouercaot  and  t.'^s  loaaa  of  tne  tary  canter  of  tne 
rdapaaaiua  Distributions. 

rig.  14  and  15  indicate  tnat,  as  expected,  the 
ir;aasLred  redranoes  increase  xn  the  nean  uith  decreeaxng  in~ 
tensity  of  the  overcast.  Houever,  the  increase  is  leas 
ahan  at  0.557  yun  as  sh'aun  cy  a  ccr.'.parison  of  tha  barv- 
cantsra  (T!  (  \  )y)  in  Taola  1  and  5.  The  radiances  c.easured 
tiiitn  snou  in  tha  rraan  shou  higher  values  uirh  all  types  of 
overcast  and  even  ulth  a  clear  sky.  Tnis  can  be  eesiiy 
Escrised  to  the  annual  variation  of  the  hydroxyl-band 
anicsicn.  In  ccaparison  to  this  fact  lahich  nay  lead  in 
uintar  to  an  incraese  of  n'^ean  radiances  by  factors  of  as 
r.uch  as  4  (Ref.  5,  11),  the  conponant  of  tne  radianoa  ra- 
flaatad  from  tha  snou  cover  and  subssquently  from  tha  over- 
case  of  tne  night  sky  in  total  radiance  is  probably  minor. 

As  for  0.5577  yum,  these  statemants  must  ba  tested  at  the 
prepar  time  from  a  larger  than  tha  present  number  of  maasure- 
mants  uhara  particularly  the  spectral  reflectivity  and 
trancmissi vity  of  the  overcast  needs  to  be  investigatad  in 
dataii. 


Tne  barycentars  of  the  histogrems  grouping  the  summer 
and  tne  uinter  measurements  can  be  utilized  as  appreximatian; 
for  the  theoretical  value  of  rodiance  of  the  night  sky  at 
C.S  and  1.0  ^um  under  different  overcast.  The  scattering 
of  oha  radianoas  is  demonstrstad  by  tha  histograms  in  Fig. 

14  and 
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Beyond  this,  the  histograms  p  (O.fi  and  p 

(1.0  .um)^  ,  shou  that  the  uidth  of  the  distribution  is 

again  given  primarily  by  the  natural  variation  of  the 
hydroxyl-band  emission  uhlch  uas  shoun  as  bar  and  lies  around 
the  same  order  of  magnitude  uith  overcast  sky.  The  values 
of  the  schematic  spectrum  in  Fig.  10  uere  utilized  here  and 
only  the  variation  of  +/-  50%  given  in  Ref.  3  uas  assumed 
but  uhich  probably  contains  the  essential  part  of  the  short- 
interval  and  long-interval  variations  of  the  radiance  of 
the  hydroxyl-band  emission. 

The  total  distributions  in  Fig.  IS  and  17  should  not 
differ  greatly,  in  accordance  uith  the  discussion  in  Section 
5.1.3,  from  the  annual  frequency  distributions.  They  are 
oblique  but  are  clearly  differentiated  from  the  total  dis¬ 
tribution  of  the  values  I\1  (0.5577  ^um)  uhich  consists  of 
a  little-structured  block  of  about  constant  probability 
uith  an  extension  touard  higher  radiances. 

There  exists  here  a  steep  rise  to  uhich  succeeds  a 
uniform  drop  uith  a  very  short  extension  touard  higher  ra~ 
diances.  Since  the  rise  lies  at  the  locus  of  the  noise 
of  the  measuring  apparatus  utilized  uhich  corresponds  to 
an  input  signal  of  5  x  lO^^^Wcm  ^^um  ^steradian  ^  at  X 
=  1.0  yum,  it  is  not  necessarily  a  component  of  the  true 
distribution  of  the  nocturnal  radiance  in  the  near  infrared. 

The  latter  therefore  decreases  from  frequencies  on  the 
order  of  0.2  at  very  minor  radiances  relatively  uniformly 

to  very  small  frequencies  since  it  reaches  approximately 

-9  -2  -1  -1  -9  -2 

2  X  10  Ulcm  ,um  steradian  at  0.9  yum  and  5  x  10  Ucm 

-1  '  -1  ' 
yuro  steradian  at  1.0  ^um. 
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5.3  -  Correlations 

It  uould  seem  desirable  to  be  able  to  conclude  from 
measurements  in  instrumentally  easily  accessible  spectral 
ranges  on  the  radiance  inlarger  or  other  ranges. 

This  possibility  does  not  exist  in  the  visible  spectrum 
'*  because  the  radiance  of  the  3  intensive  night-sky  lines  is 
not  correlated.  If  such  statistical  mean  values  as  made 
available  here  are  insufficient  for  some  given  problematics, 
measurements  must  then  be  made  for  the  respective  spectral 
region  under  consideration.  In  the  near  infrared,  houever, 
it  is  passible  in  principle  to  determine  the  spectral 
radiance  at  a  given  uavelength  in  an  arbitrary  spectral  .. 

interval  uiith  reasonable  reliability  through  measurement 
at  soma  uavelength  starting  from  about  0.67  ^um  (Ref.  5),  /22 

except  for  regions  of  higher  atmospheric  absorption.  For 
this  purpose,  the  variation  of  the  form  of  the  spectrum  at 
wavelengths  between  0.6  and  1.1  ^um  or  beyond  must  still 
be  investigated  in  greater  detail.  For  the  time  being,  the 
factors  (gamma  j)  given  in  Table  2  and  the  schematic  sprectrum 
in  Fig.  10  can  be  utilized  to  conclude  from  measurements 
at  0.8,  1.0  or  adjacent  wavelengths  on  the  radiance  and 
other  wavelengths. 


6.  Conclusion 

The  findings  of  this  study  make  it  possible  to  indicate 
empirical  mean  values  for  the  radiance  of  the  night  sky  at 
0.5577  yum'  (green  night-sky  line),  0.8  ^um  and  1.0  ^um 
(hydroxyl-band  emission)  under  different  overcast.  It  is 
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further  possible  to  make  initial  statements  on  the  form 
of  the  night-sky  spectrum  at  wavelengths  \  betuieen  QVS 
and  l.l^um. 
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Appendix  C — The  Light  of  the  Night  Sky;  Astronomical, 
Interplanetary,  and  Geophysical 


This  material  was  originally  published  as  Roach,  F.E.,  “The  Light  of  the  Night 
Sky:  Astomomical,  Interplanetary,  and  Geophysical,”  Space  Science  Reviews  3  (1964), 
D.  Reidel  Publishing  Co.,  Dordrecht,  Holland,  pp.  512-540.  Reprinted  with  kind 
permission  from  Kluwer  Academic  Publishers. 
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1.  Introdnction 

At  night,  terrestrial  man  is  bathed  m  a  gentle  flow  of  visual  radiation  or  light.  1 
flux  is  due,  in  large  part,  to  his  unique  and  privileged  location  in  the  umverse. ; 
appearance  of  the  “sky”  to  a  randomly  located  intergalactic  observer  with  “hmnj 
eyes  would  be  in  dramatic  contrast:  no  individual  stars  would  be  visible,  only 
integrated  light  from  the  many  but  very  distant  galaxies.  A  few  of  the  galaxies  wS 
be  separately  visible,  as  is  the  Andromeda  nebula  to  our  eyes. 

An  interstellar  observer  in  a  galaxy  such  as  our  own  has  a  different  view.  In' 
vicinity  of  the  sun  he  sees  the  Milky  Way  much  as  we  see  it  from  the  Eartlu^' 
without  the  competition  of  solar  system  and  terrestrial  light  that  plagues  the 
bound  astronomer.  His  sky  is  more  than  a  hundred  times  as  bright  as  the  inter; 
observer’s. 

A  move  into  the  solar  system  but  away  from  the  luminosity  originatmg 
planetary  atmosphere  introduces  a  new  source  of  light.  If,  for  example,  hi  stand 
the  moon  and  looks  at  the  sky  in  general,  only  about  one-third  of  the  light  is  inte 
starlight  and  about  two-thirds  the  so-called  zodiacal  light.  The  visual  contrast  be 
the  Milky  Way  and  the  general  sky  background  is  greater  than  on  the  earth’s  s 
but  less  than  for  the  interstellar  observer.  If  he  is  able  to  occult  the  sun  and  loo 
a  direction  of  5°  elongation  along  the  ecliptic,  the  brightness  of  the  zodiacal  li 
some  200  times  the  brightest  part  of  the  Milky  Way  and  therefore  overwhelms  hi 
zodiacal  light  in  the  ecliptic  is  brighter  than  the  brightest  part  of  the  Milky  Way 
an  elongation  of  about  50°. 

Our  observer  now  moves  to  his  terrestrial  platform  where  he.  can  live  and  1 
and  look  at  the  sky  in  comfort,  augmenting  his  visual  observations  with  in; 
which  can  be  firmly  established  on  a  solid  base  that  conveniently  rotates  and  re^ 
in  times  short  compared  to  a  life  span.  But  a  price  must  be  paid  for  these  emolum 
an  additional  primary  source  of  radiation,  the  night  airglow  or  nightglow,  is 
duced  from  the  upper  atmosphere,  and  the  lower  atmosphere  interferes  wi 
measurements  by  scattering  and  attenuating  all  primary  radiations.  Two  consola 
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•  Contribution  number  73.  The  report  was  written  while  the  author  was  a  Senior  Spwialist 
East-West  Center  of  the  University  of  Hawaii  -  on  leave  of  absence  from  the  Central  ^dio  Pr 
tion  Laboratory  of  the  U.S.  National  Bureau  of  Standards,  Boulder,  Colo.,  U.S.A. 
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Table  1  to  illustiate  the  numbers  involved  and,  further,  to  present  in  outline  form 
wntents  of  this  review  paper.  It  is  proposed  to  proceed  from  left  to  right  or  from 
to  bottom  in  the  table  which  may  be  taken  as  from  the  fundamental  to  the  super- 
from  a  random  position  to  a  privileged  one. 

may  be  noted  that  the  advantage  to  be  gained  by  escaping  from  the  earth’s 
^  into  interplanetary  space  via  an  artificial  satellite  is  real  but  not  large  within 
context  of  this  discussion  (compare  columns  4  and  5  in  Table  1).  Necessarily  all 
^  of  general  sky  brightness  will,  for  the  interplanetary  astronaut,  involve  both 
1  light  and  integrated  starlight  to  the  disadvantage  of  the  latter.  The  particular 
tage  of  a  satellite  program  is  in  the  exploration  of  those  wavelength  regions  to 
the  human  eye  is  insensitive  and  the  terrestrial  atmosphere  impervious. 


2.  Comments  on  the  Visual  Spectral  Region 

^eral  treatment  might  well  include  both  particulate  and  electromagnetic  fluxes. 

a  limitation  to  electromagnetic  radiation  should  include  such  extreme  manifes- 
^  as  X-rays  and  radio  emissions  of  cosmic  origin.  However,  this  review  is 
cemed  chiefly  with  intensities  in  the  electromagnetic  octave  designated  the  “visual” 


'  - » - *'**“6  tv/ 

class,  of  stars  brighter  than  visual  magnitude  6.  The  upper  part  of  the  plot  shows  t ' 
wavelength  corresponding  to  peak  intensity  assuming  that  the  superficial  temperati 
of  a  star  may  be  treated  as  a  black  body  temperature.  There  is  an  observationj 
favored  domain  between  3000  A  (the  atmospheric  cut-off)  and  8000  A  where  th 


Fig.  1.  Distribution  of  the  bright  stars  according  to  spearal  class  (below). 

intensity  of  starlight  according  to  spectral  class  (above). 


Wavelength  of  p 


hydroxyl  nightglow  bands  become  sufficiently  strong  to  interfere  with  astronomic 
observations.  Within  this  spectral  region,  stars  of  classes  A,  F,  G,  and  A,  comprisii. 
75%  of  the  bright  stars,  have  their  peak  intensities.  Even  allowing  for  the  likelihoo^ 
of  observational  bias  in  Figure  1  in  the  use  of  the  bright  stars  relative  to  a  population 
of  all  the  stars  in  our  galaxy,  it  is  apparent  that  any  systematic  data  for  the  visu’ 
region  should  be  reasonably  representative  of  the  stellar  sample.  ^ 

The_  complications  involved  in  piercing  the  terrestrial  nightglow  haze  in  order  3 
gain  knowledge  of  non-terrestrial  light  sources  is  apparent  from  an  inspection 
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Iz  The  principal  emission  features  in  the  night  airglow  arranged  roughly  according  to  their 
emission  heights  in  the  atmosphere. 


Rgure  2  showing  the  distribution  of  many  of  the  emission  features  of  the  ^ow.  A 
^i^uraging  fact  is  that  even  in  the  regions  between  prominent  emission  lines  and 
^ds  there  is  no  known  wavelength  in  which  there  is  no  nightglow  continuum  -  and 
^rach  a  continuum  cannot  be  discriminated  against  with  respect  to  zodiacal  light  or 
^egrated  starlight  by  decreasing  the  band  pass  of  a  filter. 


3.  The  Plan  of  the  Paper 


1  is  proposed  to  treat  the  problem  of  faint  optical  radiations  in  the  universe  as 
Inflows;  we  shall  select  a  spectral  region  (5300  A)  near  the  center  of  the  visual  sensi- 
niy  curve.  For  this  wavelength  we  propose  to  examine  surface  brightnesses  of  the 
&ght”  sky  proceeding  from  intergalactic  to  interstellar  to  interplanetary  space  and 
en  to  the  earth’s  surface. 

^t  the  earth’s  surface  we  shall  then  introduce  the  wavelength  as  a  parameter  and 
iss  the  nature  of  the  nightglow  throughout  the  visual  spectrum  with  some  com- 
tits  on  its  nature  in  the  near  infra-red. 

4.  The  Intergalactic  Observer  and  Integrated  Light  from 
Extra  Galactic  Sources 

jjirder  to  obtain  an  approximatioh  of  the  brightness  of  the  “sky”  in  intergalactic 
Iwe.  we  make  the  following  assumption:  There  are  10®  galaxies  uniformly  distn- 
1  throughout  a  sphere  of  radius  3(X)  megaparsecs  (9.27  x  10^®  cm)  each  having 
E  10‘®  stars  (suns). 


Taken  from  Trumpler  and  Weaver  (1962),  Table  4.4. 


Let  ^  =  space  density  of  the  individual  sources  which  will  be  treated  = 
On  cm  3),  ,  =  the  radial  distance  in  cm,  =  the  radial  distance  to  t  j  boun 
fte  sphere  in  cm,  £„  =  the  flux  from  each  galaxy,  and  L  =  the  brightness  f 
observer  in  the  center  of  the  sphere  in  flux  cm  '  ^  •  sphere  '  L  Then  ‘ 
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•  =  AaB^pR . 


In  our  example  So  =  5  x  lO'"  suns,  p  =  3  x  lO"'* 
And  L  =  3.907  x  10'“  suns  per  sphere. 

It  is  of  interest  to  convert  this  to  Sjq  (vis)  units*: 

r  ^  907  X  10'“  X  4.875  x  10“ 
4.1253  X  10*  “ 


^  =  9.27  X  I0t‘  , 


=  0.46  Sio  (vis)  units 


or  about  im  the  brightness  of  the  terrestrial  zenith  sky  on  a  moonless  nieht  ■ 
emergy  flux  of  visual  light  in  intergalactic  space  is  5  x  1 0  '  ’  erg  •  sec  '  ‘  •  cm  ff 

^here)andtheenergydensity  7  X  l0-“erg•cm-^  It  is  of  interest  toToteS 

«e_rgy  density  of  starlight  in  our  galaxy  and  that  of  cosmic  rays  are  bo  h^ 
10  erg  •  cm  (Allen,  1963). 
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5.  The  Interstellar  Observer  and  Integrated  Starlight 


The  first  telescopic  observers  of  the  Milky  Way  were  thrilled  by  the  evidence  that  wl 

mrT^£  nL  numerous  closely-packed  individ 

mrs  This  paper  IS  really  an  historical  retrogression  to  the  more  primitive  view  of  ( 

^thesis  of  the  individual  stars  into  an  integrated  surface  brightness.  But  it  will 

S!  Tn  order  8>  of  ^he  results  of  those  who  have  “count 

^rs  in  order  to  gam  an  insight  into  the  structure  of  our  galaxy 

10»Imrs"bn^ ^  supra-human  task  (there  are  abb' 
stars  bnghter  than  photographic  magnitude  21).  Early  in  the  20th  century.  j;‘ 

Ss  2orff.  "  international  program  of  star  counting  in  Sel 

f  1  over  the  sky.  The  simplest  measuremi 

^  that  of  the  total  number  of  stars  in  each  Selected  Area  for  longer  and  Ion 
exposure  times  corresponding  to  fainter  and  fainter  limiting  magnitudes  b 
In  a  classical  repoif*,  details  of  such  a  study  are  given.  An  idea  of  the  size  of 
^bstical  sampk  for  the  study  of  139  Selected  Areas ‘“in  the  Mount  Wilson  pro 
may  be  judged  from  the  fact  that  a  total  of  65683  stars  was  measured  to  approxim 
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referred  to’ herraft^^’MW^l.^*^  Richmond  (1925),  Mount  Wilson  Contribution  number  30j 
.^iecM  Wilson  program  was  -  15-,  hence  the  omission  s 
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i„g  photographic  magnitude  18.  The  total  number  of  stars  over  the  sky  to  this 
Sing  magnitude  comes  to  about  3  x  10'  so  the  sample  is  6.5683  x  10  / 
0  00022  of  the  total.  Another  estimate  of  the  sample  size  may  be  obtained 
the  fact  that  the  region  measured  on  each  plate  was  0.1154  square  degree  com- 
with  the  41253  square  degrees  over  the  sky.  Thus  the  sample  is 

(0.1154  X  139)/41253  =  0.00039  of  the  total. 

be  anticipated  that  the  sampling  method  employed  will  be  useful  in  deUneatmg 


:i  . 


TABLE  2 

THE  GALAXY  (THE  KAPTEYN  UNIVERSE) 


Toul  l5umber  of  Stars 

47000000000 

Density  of  stars  central 

45/cubic  parsec 

Thickness 

To  1/10  density 

To  1/100  density 

550  parsecs 

1 700  parsecs 

Diameter 

To  1/10  density 

To  1/100  density 

2800  parsecs 

8  500  parsecs 

Distance  of  the  sun 

8000  parsecs 

from  center 

_ - — — 

TABLE  3 

SUMMARY  OF  STAR  COUNTS  BY  MAONFIUDE  INTERVALS  FROM  MW  301 


log  A  Cm} 


Mean 

(4  =  0  ro  90) 


log  T  Cm) 

6  =  0  to  90 
(over  entire  sphere) 


-  1.781 

-  1.326 

-  0.875 

-  0.428 

+  0.016 

0.455 

0.889 

1.314 

1.733 

2.141 

2.532 

2.902 

3.248 

3.571 

3.874 

4.153 

4.405 

4.631 


-  2.320 

-  1.861 

-  1.416 
-0.984 

-  0.567 

-  0.170 
-1-0.209 

0.565 

0.898 

1.205 

1.491 

1.752 

1.988 

2.194 

2.374 

2.531 

2.654 

L743 


-  2.035 

-  1.580 

-  1.130 

-  0.688 
-  0.252 
+  0.175 

0.591 

0.995 

1.338 

1.767 

2.127 

2.471 

2.795 

3.095 

3.373 

3.626 

3.857- 

4.067' 


attempt  to  depict  detaded  structure.  Kapteyn  was  able  to  synthesize  the  result.::.' 
then  available  statistical  results  into  a  generalized  morphological  pictu^^'? 
Kapteyn  Umv^se”  of  our  galaxy.  Emerging  from  the  ensemble 
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apparent  photographic  MA6NITU0E 


Fig.  3.  Ugarithm  of  the  per  magnitude  interval  as  a  function  of  the  appa 

photographic  magmtude  (from  Table  3). 
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SrnonintT  ^  considerations  for  the  purposes  of  the  present  discussion^ 
the  °on-«ntr^  position  of  the  sun  in  the  galaxy.  We  find  ourselves  close  enough^ 
the  galactic  plane  to  see  the  Milky  Way  as  a  circle  in  the  sky  but  far  enough  □ 

S  c«2  cttpsojd  to  make  the  part  of  the  Milky  Way  seen  in  thedirettion  I 
the  renter  sigmficantly  brighter  than  that  in  the  opposite  direction  1 

^  of  galactic  structure  from  star  counts  | 

very  sttong  indeed.  The  grandeur  of  the  morphological  picture  is  both  overwhelming 

cf  ^i^Uar  parallax,  proper  nioti<i| 


ng  a  general  basis  for  the  estimation  of  the  conmoution  oi  m.cg. - - 

noctumal  sky  to  which  subject  we  now  return. 

,e  star  counters  always  refer  their  counts  to  “numbers  per  square  degree 


TABLE  4 

INTEGRATED  STARLIGHT  FROM  STAR  COUNTS 
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the  sky  and  for  convenience  we  shall  follow  them  in  adopting  as  a  unit  for  th.  • 

SdTsf  background  the  “number  of  equivalent  tenth  ‘ 

nitude  stars  per  square  degree”  which  will  be  designated  S,o  (vis)  or  S  t 
pending  on  whether  we  use  the  visual  or  the  photographic  magnitude  scaleV'^'^ 
Some  gross  results  of  the  counts  themselves  are  shown  in  Table  3  and  Fip.  ’ 

^  ^  scales  have  been  ch^s; 

so  to  a  logarithmic  difference  of  2  (factor  100)  in  the  ordinate  ^  (m)  thrnlc 

of  stars  per  magnitude  interval,  is  the  same  as  a  magnitude  differeni  oM  i  u 
abscissa,  a  factor  of  100  in  the  brightness.  Thus,  if  the  slope  of  an  observed  cu^ 


\Y\V-, 


Fig.  5.  Total  integrated  starlight  in  niimt^r  of  tenth  magnitude  (visual)  stars  per  square  degree! 

galactic  coordinates.  M 


fe^Ls^d  the  to  more  rapidly  than  their  brightni 

Ss  to  ?  0  d  “’’f  T  i"creases.  Similar  J 

SrSiict  on  f  r  “  I'o  -«essive  magnitude  in^ 

Th™  for  h  7  maximum  contritoon.  4 

to  for  b  =  0  near  m  (pg)  =  u.  The  upper  curve  of  Figure  3  is  a  dot  teed  oi 

ijrr.r  ■“  ■”  iir  ^ 

enure  sky  the  values  per  square  degree  have  been  multiplied  by  41253  (the  num 

Mi  .frir  7''“'  “ of  Sbi." 

given  man^^id  '  t  ^  atars,  A  (m),  within 


m 


TifW^ 


jjS 
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30°,  and  ±  80°  (10296  entries  for  792  regions  in  the  sky).  It  is  apparent  that  the 
ies  for  a  given  region  must  be  significantly  smoothed  since  the  basic  information 
the  star  counts  for  the  206  Selected  Areas.  The  reader  is  referred  to  a  paper  by 
tXCH  and  Megill  (1961)  for  a  numerical  integration  of  the  total  starlight  deduced 
pffl  the  Van  Rhun  (Groningen  Publication  43)  tables.  Total  integrated  starlight 
uced  from  both  GR  43  and  the  MW301  contributions  is  shown  plotted  in  Figure  4 


4 
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Fig.  6.  Plots  showmg  the  relationships  between  the  observational  measurements  of  integrated  star- 
fight  of  Elvey  and  Roach  (1937),  Elsasser  and  Haug  (1960)  and  those  of  Roach  and  Smtib  (1964a). 
Also  the  integrated  starlight  deduced  from  the  Groningen  43  star  count  tabulations  (Roach  and 
MecilL)  1961)  is  shown  plotted  against  the  recent  Roach-Smith  measurements. 


sr 

from  the  entries  of  Table  4.  For  low  galactic  latitudes,  the  GR  43  results  are  system¬ 
atically  higher  than  those  from  MW  301  but  the  discrepancy  between  the  two  in¬ 
vestigations  is  trivial  for  high  galactic  latitudes. 

This  review  of  the  available  information  on  star  counts  has  been  made  for  the 
purpose  of  introducing  an  isophote  map  depicting  the  total  starlight  over  the  entire 
slqr  (Figure  5),  based  on  the  star  counts  in  GR  43,  The  map  has  been  used  extensively 
by  photometric  observers  but  should  probably  be  considered  as  too  crude  for  detailed 
studies  especially  near  the  galactic  equator  where  the  scale  is  in  question  (Figure  4) 
j^d  the  resolution  is  doubtful.  Some  comments  on  the  map  will  perhaps  indicate  the 
reservations  that  should  be  exercised  in  its  use. 

I  (1)  The  great  rift  in  the  Milky  Way,  so  apparent  to  even  a  casual  observer  is  not 
shown. 


(2)  The  maximum  brightness  is  at  6  =  _  1  =  242°  ("a  =  9*  2fi"-  x 

m  the  constellation  of  Canna.  This  portion  of  the  Milky  Way  is  almost  90°=.'  '  H 
ae  bri^t  star  cloud  in  the  constellation  Sagittaiius  which  together  with  the^^S 
cloud  in  Scutum  ,s  generally  considered  the  brightest  part  of  the  Mi%Wav  « 
engapd  in  the  preparation  of  an  isophote  map  of  ^  MilK 

forward"  ^  photoelectric  photometer.  What  is  in  principle  a  sta'M 

fomard  measurement  is  severely  affected  by  two  technological  proWems  the  I  3 

nieM  S'T  photometer  and  the  proper  allowance  for  the  xodiacal’light 

(193T)  ILV^  ^KI°  mentioned.  Elvey  and^Ji 

(  937)  (LYR)  pubhshed  one  m  their  attempt  to  establish  the  existence  of  the  c  ^  ^ 
^ctic  1.  the  excess  of  the  observed  intensities  over  the  ^ 

based  on  Bottunger’s  (1932)  integration  of  MW  301  “ntmten^ 

the  MOW  w'“‘lf  have  published  isophote  ma  J! 

relaf  w  °°  photoelectnc  observations.  In  Figure  6  are  sbown^ 

lationships  deduced  by  Roach  and  Smith  (RS)  between  the  LVR.  the  EH  and  P 

faet“l^  Jr?3  i  t  'r"  '"a  relations! 

s^oT  “‘'gr^tions  and  the  RS  observations  Mil  be  discussed  in  the  nl 

6.  The  Galactic  Light  and  the  Interstellar  Dust  9 

interstellar  region  is  not  empty  space.  There  are  some  atoms  present  -  enough! 
produce  absorption  lines  over  astronomical  distances.  That  there  is  also  some 

Sent  In  support,  we  may 

(I)  Stars  near  the  galactic  equator  are  reduced  on  an  average  of  0  67  mamitiil 
Moparsec  of  distance  from  the  solar  system  '  ^  M 

2  are  finished  by  0.35  magnitude  (visual)  per  kiloparsec;  1 

tweentSohotot  h-'°' A  by  the  difference! 

(4)  txtttl  S"  r,  ™^8mhude  per  kiloparsec;  J 

the  sotn  r  observed  near  the  galacUc  pl^ 

toe  so-called  “zone  of  avoidance”. 

the  SS  ''''  ''®h*  «  Panicular  star  but  also  scat! 

Sete  R  tf  ‘‘ght  being  in  the  direction  of  ^ 

fccation  (such  ^  situation  in  which  an  observer  in  a  particula 

Stkrlv  d^  7  '  ''  'he  total  astronomical  light  fromi 

part  ularly  dusty  region  to  be  greater  than  the  total  inferred  from  the  summatiofl 


and  Scutum  ^U^rei^scent^ofB^nard^^^  the  grwt  conccntratfon  of  stars  in  Sagittarii 

masses  like  summer  clouds”  Tte  writt'rSi'^f  Is'"’’**™  “P  >«  *«at  cumulj 

Sagittarius  cloud  coming  up  in  the^t  to  nf  r  0““  foo'®*!  *>7 

of  meteorological  clouds  Th^  illiici'rt«  «tenl  of  recording  in  his  observing  book  the  cx:si«b« 
••  in  coliaSo^L^L.  5“™  “  “  | 


inc 


Rhe  light  from  all  the  stars.*  And  to  state  an  apparent  paradox;  the  heavier  and 
Wia  the  dust  cloud  the  greater  may  be  the  excess  due  to  such  scattered  light. 
K^ut  1937  two  papers  appeared  independently  on  the  subject:  one  theoretical 
Hone  observational.  The  numerical  agreement  between  the  theoretical  prediction 
Rthe  case  of  our  galaxy  and  the  observations  was,  as  it  turned  out,  probably  too 
Rd  to  be  true”.  Wang  Shih-Ky  (1937)  derived  a  theoretical  value  for  the  diffuse 
light  from  a  dusty  region  of  about  1/2  the  average  light  'mpingmg  on  the 
Moa  over  the  entire  sphere  surrounding  it.  According  to  Shares  et  al.  (1925)  the 
Ea  intensity  of  starlight  over  the  sky  is  equal  to  that  from  577  stars  of  photo^aphic 
Roiitude  1.0  or  56  stars  of  magnitude  10.0  per  square  degree.  Thus  Wang  s  pre- 
i^n  calls  for  a  galactic  light  of  about  28  S.o  (ph).  Elvey  and  (1937)  con- 

iSed  from  their  measurements  that  the  mean  galactic  li^t  in  the  Milky  Way  w^ 
^ut  55  S,o  (pE)  units,  twice  that  predicted  by  Wang  Shih-Ky  but,  considenng  e 

Acuity  ofthemeasurement,it  was  considered  at  the  time  tbattheoryandobsemtion 

C  reconciled  in  terms  of  a  galactic  dust  cloud  which  obscures  stellar  members  of 
%  galactic  system  as  well  as  more  distant  extra  galactic  nebulae  locat^  m  the  hue 
^  sight  behind  the  cloud  and  at  the  same  time  scatter  the  light  from  all  the  stars  to 

Sake  the  dark  cloud  grey.  , 

1  Henyey  and  Greensthn  (1941)  examined  the  galactic  hght  problem  by  mabng  a 
lotometric  study  of  two  regions  of  the  Milky  Way,  one  in  the  constellation  Cygnus 
td  the  other  in  Taurus-Auriga.  Stars  brighter  than  visual  magnitude  15  were  ex- 
^uded  Their  interpretation  resulted  in  numerical  values  similar  to  those  reported  y 
|VR  for  the  same  regions.  The  agreement  may  be  fortuitous 
^tions  used  different  star  count  data;  LVR  used  Bottlinger  (MW  301),  HG  used 

^AN  Rhhn  (GR43)**.  . 

H  It  is  the  opinion  of  the  writer  that  the  question  of  the  existence  of  the  galactic 

reght  should  be  reexamined.  The  reasons  for  this  opinion  are  as  follows: 

K  (1)  Ibere  is  evidence  that  the  absolute  calibration  of  Elvey  and  Roach  was  too 
and  that  their  measured  intensities  should  be  multiplied  by  0.7  (Roach  ei  al. 

£954).  Such  a  correction  would  reduce  the  deduced  galactic  h^t. 

■  (2)  The  predicted  intensities  ofintegrated  starlight  in  the  vicinity  of  the  NU  y  ay 

Re  very  uncertain,  as  witness  the  discrepancy  between  the  MW  301  and  GR  43  results. 
H  (3)  The  estimation  of  the  galactic  light  should  be  based  on  photometnc  measure- 
pents  coupled  with  star  counts  of  the  region  in  question  rather  than  mean  star  counts 

Epf  a  large  sample.  ,  t-  -  _ a 

Pi  The  problem  has  been  brought  to  the  fore  recently  m  a  paper  by  Elf “ 
^UG  (1960),  already  referred  to.  The  general  intensity  level  observed  Ey  them  is 
Cmuch  lower  than  that  of  Elvey  aqd  Roach  and  even  than  that  predicted  by  the  GR  43 
par  counts.  By  comparing  their  measurements  with  the  star  count  predictions  from 


I  The  scattering  by  the  dust  is  similar  to  that  experienced  in  the  solar  system  leading  to  the  zodiacal 

HgSjniOT  tM  systematic  difference  between  the  Bottlinger  integration  of  Mt.  Wilson  301 
and  that  based  on  Groningen  43. 


524 


F.  E.  ROACH 


i 


MW  301  (much  lower  than  those  for  GR  43)  it  is  still  possible  to  infer  a  galactic  lij 
Proceeding  in  this  way  van  Houten  (1961)  has  concluded  that  the  galactic  UgJ 
the  galactic  plane  is  about  12  Sjq  (ph)  units.  But,  if  the  higher  intensities  of  GR^ 
are  taken,  the  galactic  light  comes  out  to  be  negative,  an  obvious  impossibility.  Thi 
is  evidence  that  the  Elsasser-Haug  absolute  calibration  may  have  been  low  wh' 
further  adds  to  the  difficulty. 

Referring  again  to  Figure  6  we  note  that  Roach  and  Smith  found  that  t 
measured  star  background  intensities  were  1/0.794  =  1.26  times  those  predicted 
the  GR  43  star  counts.*  This  would  correspond  to  a  galactic  light  of  (1.26  —  l.oo) 
172  =  45  Sio  (ph)  units  for  galactic  latitude  0°. 

The  establishment  of  reliable  values  for  the  brightness  of  the  galactic  light  ori 
nanng  in  scattered  star  light  from  galactic  dust  is  a  problem  of  fundamental  inter 
It  is  the  writer’s  opinion  that  all  published  values,  including  those  to  which  he 
contributed,  are  provisional. 


I 
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7.  The  Zodiacal  Light  and  Interplanetary  Dust 


In  the  previous  section  we  introduced  evidence  that,  in  a  distance  comparable  to  t 
dimensions  of  our  galaxy,  there  is  enough  line-of-sight  dust  to  (a)  seriously  weaki 
or  even  obscure  light  sources  behind  it  and  (b)  scatter  the  light  from  all  the  stan. 

Turning  to  out  solar  system  we  must  recognize  that  the  amount  of  solar  syst 
line-of-sight  dust  in  distances  measured  in  Astronomical  Units  is  not  enough  to  gi 
any  significant  or  measurable  contribution  to  the  extinction  of  stars  seen  through : 
Hence,  relative  to  the  light  flowing  onto  it,  the  amount  of  scattered  light  from  inte 
planetary  dust  must  be  very  small.  But  in  absolute  terms,  the  nearness  of  the  ve: 
bright  sun  makes  it  pertinent  to  look  for  dust  scattering  effects  even  if  the  total  lin^ 
of-sight  dust  in  the  solar  system  might  be  as  small  as  10‘*  times  that  in  galactii 
space.**  These  general  considerations  lead  us  to  the  not  too  surprising  observatioi 
that  there  is  indeed  evidence  for  the  existence  of  such  interplanetary  dust  in  what  I 
known  as  the  zodiacal  light  which  in  its  brightest  portion,  as  observable  from  tS 
earth  s  surface  is  about  10  ®  times  the  surface  brightness  of  the  sun  and  some  1^ 
times  the  integrated  brightness  of  the  starlight.  y* 

Even  in  the  portions  of  the  sky  where  the  zodiacal  light  is  at  its  weakest  it  is  aboi^ 
equal  in  brightness  to  the  average  starlight  intensity.  This  brings  us  to  one  of  tho^ 
accidents  which  makes  life  so  interesting  on  our  planet  —  if  the  dust  concentration 
in  the  solar  system  were  say  ten  times  its  actual  value  we  should  have  a  night  sky  so] 
bright  that  astronomical  features  such  as  the  Milky  Way  would  be  visually  lost  in  th^ 
zodiacal  light  haze. 

The  zodiacal  light  has  long  been  known  to  be  concentrated  near  the  ecliptic.  Ih 


w;-: 


*  Roach  and  Smith  used  star  count  integrations  for  specific  regions  of  the  sky  rather  than  average^ 
values.  ;Jj| 

**  One  star  (the  sun)  at  a  distance  of  1  Astronomical  Unit  is  about  10*  times  as  bright  as  the  totality! 
of  all  the  non-solar  starlight  as  seen  from  the  earth. 


THE  LIGHT  OF  THE  NIGHT  SKY 


Pi-  7  U  shown,  on  a  linear  scale  its  intensity  in  the  ecliptic  as  it  can  be  measured 
earth’s  surface  for  elongations,  e,  extending  from  30°  to  180  (gegenschem) 
^  on  a  recent  study  by  Weinberg  (1963).  In  Figure  8  is  shown,  on  a  double 
Pfihinic  scale  the  variation  of  the  intensity  in  the  ecliptic  to  the  suns  limb  m- 
1^^)  observations  of  the  f-coropa  (presumed  to  be  the  zodiacal  hght  mime  of 
^^*ose  to  the  sun),  (b)  the  zodiacal  light  and  gegenschem  from.ROACH,  Pettit, 


MEAN  ZODIACAL  LIGHT 
IN  ECUPTIC 
(WEINBERG) 


ELONGATION  IN  DEGREES 

as  the  counter-sun  position  is  approached  (e  = 


Tandberg-Hanssen,  and  Davis  (1954)  and  from  Roach  and  ^es  (1955).  and  (^ 

;  measurements  of  the  zodiacal  light  in  the  domain  30  >  e  >5  ^ 

^high  altitude  ecUpse  measurements  of  Blackwell  as  recorded  m  Table  3  of  Ingham 

y'^The  evaluation  of  the  brightness  of  the  zodiacal  light  as  a  function  of  ecliptic 
(latitude  becomes  progressively  more  and  more  difficult  ^ 

r  approached  because  of  the  uncertainty  introduced  “  f  ted 

r  principal  components  of  the  light  of  the  night  sky  -  the  airglow  “‘I 
f  starli^t  In  Figure  9  is  shown  a  plot  of  the  bnghtness  of  the  zoffiacal  light  for 
I2  -  2  =  90°,  from  the  ecliptic  (j5  =  0°)  to  the  pole  (p  =  90°)  based  on  a  current 


Log, 5  ELONGATION  IN  DEGREES 


Fig.  S.  The  brightness  of  the  zodiacal  light  in  the  ecliptic  versus  the  elongation  angle,  e,  from 
sun’s  limb  (f-corona)  to  the  gegenschein  (note  the  log-log  scale).  Sources  of  information  are  Bia 
WELL  as  quoted  by  M.  F.  Inoham  (1961)  from  the  solar  limb  to  a  =  30°;  Roach,  Pettit,  Tandberi 
Hanssen,  and  Davis  (1954)  for  I(X)°  >  c>  30°  and  Roach  and  Rees  (1955)  for  180°  >  e>  I 


i 


of  the  polarization  to  “dust”  particles  and  a  minor  part  to  interplanetary  electron 
In  Figure  7  we  show  a  plot  of  the  polarization  of  the  ecliptic  zodiacal  light  as  ^ 
function  of  elongation  angle  from  the  sun  based  on  the  work  of  Weinberg  (1963)^ 
Current  analyses  favor  an  interpretation  based  on  a  space  density  of  particles  ol 
5  X  1  () '  ^  *  gram  •  cm  “  ’  and  an  elearon  density  of  some  tens  and  probably  not  greater 
than  50  electrons  cm"^.  The  reader  interested  in  such  physical  interpretations 
referred  to  Ingham  (1961),  to  Elsasser  (1963)  as  well  as  to  the  paper  by  Weinberg, 
already  mentioned.  Early  studies  of  the  physidal  nature  of  the  zodiacal  dust  cloud 
were  made  by  Allen  (1946)  and  by  van  de  Hulst  (1947). 


brightness  of  zodiacal  light  I 
AS  A  function  of  ecliptic  LATITUDE 

HALEAKALA,  FER  3/4,1962  _ 

_  X_Xo=90 


II  I  I  I  I  -I - 1 - 1 - ' 

north  ecliptic  latitude  in  degrees 


I  8.  some  Comments  on  Extinction  and  Scattering  by  Cosmic  Dust 
Lthe  zodiacal  cloud  is  sensiWy 

^  whether  there  may  be  a  assuming  that  the  zodiacal  cloud 

Action  of  the  echptic.  hooking 

fentinues  with  its  terrestrial  density  ou  weakening  by  0.0001  is 

ie  transmission  through  such  a  cloud  would  be  0.9999. 

feobably  not  detectable.  u„™af,nn  of  extragalactic  objects  neat  the 

ii  The  “zone  of  avoidance”  for  the  obs  rv  significant  absorbing 

llactic  plane  constitu«s 

medium  in  that  plane.  The  loca  ^  ^ype  of  absorpuon 

nent  rift  ofthe  Milky  Way  sugges  .  the  estimate  of  the  mean  weakening  of 

Wh  can  be  put  into  quantitanve  terms  ^y^^^  ^  ,0Zio«). 

,ters  in  the  vicinity  ofthe  galactic  p  ane  '.  .  ^  q  ^25  for  an  object  at  a  distance 
^S.h  a  weakening  =  e-.  This  conesponds 

LOf  1  kpc  or  j5  =  1-0  X  lu 


SUMMARY  OF  COSMIC  DUST 
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the  light  of  the  night  sky 
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if.  d».  d»sl.y  .dy  0.0067  to,  of  to  toB.0.1  “'“S 

l®:ficant  over  galactic  distances.  The  sun  is  some  8  kpc  (2^7  x  10  ml  irorn^ 

of  our  galaxy.  The  transmission  of  visual  light  over  8  kpc  IS  o  • 

I  ^ar6.nhic  light  (~  4500  AU)  is  about  0.67  mag.  per  kpc  (^  =  1.965  x  lU 
*°-»fSer  8  kpc  this  corresponds  to  a  transmission  in  the  photographic  part  o  e 


ic^pMsecs 
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Fig.  10.  Graphical 


representation  of  the  occurrence  of  dmt  on  the  cos^c  scale.  See  the  text  for  the 
significance  of  the  ordinate  and  abscissa  scales. 


^spectrum  of  only  0.008  so.  by  photography,  we  are  really  blind  so  far  as  the  galactic 

our  knowledge  of  the  detailed  galactic  structure  m  “aT  t^e 

of  the  radio  astronomers  who  fortunately  are  not  inhibited  m  their  studies 

longer  radio  wavelengths  by  the  interstellar  dust.  niatie  is  re- 

The  extent  of  the  galactic  dust  cloud  perpendicular  to  the 
latiSy  small  (perhaps  200  to  300  parsecs),  thus  we  are  fortunately  able  plum 

extra-galactic  universe  out  to  at  least  10^»  centimeters 
f:  The  role  of  cosmic  dust  as  an  absorber  gives  way  in  the  present  discussion  to  i« 

i  •  j  w  of  crfltterine  To  a  first  approximation  the  two  phenomena  are 
i  associated  property  of  scattering,  to  a  Fr  ,  .  ,  .  i;«a  nf  «i<yht 

•  related.  If  /  is  the  observed  surface  brightness,  /„  the  brightness  in  the  Ime  sight 

'  •  The  Estimated  Distance  to  Object  296 
(3C296)  =  1010  =  3.1  X  10*  pc  to  9.5  X  IQo’  km.,  logto  K  -  27.98. 
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on  the  far  side  of  a  dust  “cloud”,  and  L  is  the  flux  of  light  falling  on  the  cloud  fr 
aU  directions,  then 

///o  «  e’""™  =  e""* 


where  v  is  the  albedo  of  the  particles,  r  is  their  radius  •  and  Ar  is  their  number  densi  J 
in  cm-^  In  the  case  of  perfect  reflectors  (y  =  1)»*  and  a  uniformly  illuminated  clou^ 
(fo  =  i)wehave 

//4  =  «■'’*  =  1-//L.  \ 


In  other  words,  the  extinction  of  the  direct  beam  is  compensated  by  the  scattering 
from  the  light  impinging  on  the  cloud  from  the  sphere  surrounding  it.  A  case  in  poin^ 
is  the  galactic  light  already  discussed  which  is  the  scattered  light  from  galactic  dul 
whose  extinction  effects  have  been  well  established.  A 

A  contrasting  case  is  that  of  the  zodiacal  light  due  to  a  dust  cloud  so  tenuous  th^ 
its  extinction  is  trivial.  The  fact  that  it  is  easily  observed  is  due  to  the  great  intensit^ 
of  its  illuminator,  the  sun.  Even  though  the  total  sunlight  scattered  by  the  zodiacal' 
cloud  is  only  about  lO"*  of  the  sunlight  falling  on  it  this  is  sufficient  to  provide  the! 
light  of  the  night  sky  with  its  principal  component.  | 

We  present  in  Figure  10  and  Table  5  a  general  representation  of  dust  m  tlJ 


»»v  4J.X  AW  auwaw  w  c. 

^  W  gVllwaWA  A  Wjrfl  WJWA*V«ll,iWJUt  uuai,  u*  VUKj 

co?mos  with  particular  reference  to  its  extinction  and  scattering  properties.  The  princM 
pal  diagonal  in  Figure  10  with  a  slope  of  -  1  corresponds  to  the  case  of  jS  =  l/i^ 
where  ///(,  =  0.368  and  1  —  ///o  =  0.632.  It  thus  marks  the  region  where  a  tranM 
mined  pencil  of  light  is  significantly  weakened  and  scattering  of  a  general  illummationl 
is  enhanced.  The  region  to  the  left  of  the  diagonal  is  designated  “transparent”  an^ 
that  to  the  right  “opaque”.  There  are  two  ways  in  which  a  physical  situation  mag 
degrade  from  a  transparent  to  an  opaque  condition:  (al  the  density  of  the  dust  mag 
increase  pushing  the  point  upward,  or  (b)  the  path  length  may  increase  moving  the! 
point  to  the  right. 

■  In  the  last  column  of  Table  5  is  shown  the  distance  required  for  a  given  dv 
concentration  to  result  in  a  decrease  of  a  pencil  of  light  to  1%  of  its  original  intensi 
In  three  of  the  four  cases  listed  we  note  that  we  are  saved  from  a  black  prison  by  t 
fact  that  in  each  case  the  extent  of  the  dust  is  limited  to  distances  such  that  ^  4,  lIRi 
In  the  fourth  case,  the  galactic  dust,  we  are  not  so  fortunate  in  the  plane  of  the  gala: 
where  P  x  I/ R  but  we  can  escape  into  intergalactic  space  via  light  beams  awa/i 
from  the  galactic  plane  where  the  flatness  of  our  galaxy  results  in  small  extinction 
effects. 


m 


We  here  assume  for  simplicity  that  all  the  particles  have  the  same  radius  and  that  their  eA 
metric^  cross  section  is  equal  to  them  effective  cross  section.  For  an  authoritaUve  discussion  of  tha 
role  of  dust  in  extinction  and  scattering  the  mterested  reader  should  consult  the  book  on  ‘Light; 
Scattering  by  Small  Particles’  by  H.  C.  van  de  Htiisr  (Wiley,  1957).  J 

assumptions  are  used  for  general  illustrative  purposes.  It  is,  of  course,  not  likely] 
ttat  the  albedd,  m  a  natural  case,  wiU  be  unity  nor  wiU  the  geometncal  cross  section  be  equal  to  the 
effective  cross  section.  See  van  de  Hulst  (1957).  | 
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THE  UGHT  OF  THE  NIGHT  SKY 


H  9.  The  Earthboond  Observer  and  the  Night  Airglow.  The  Continuum 

^dence  has  grown  that  there  is  a  component  of  radiation  in  the  night  sky  of  tei- 
Strial  origin  which  cannot  be  accounted  for  as  due  to  the  discrete  emissions  shown 
Figure  2.  It  has  come  to  be  called 'a  “continuum”  though  it  may  be  the  result  of 
large  number  of  discrete  emissions  too  faint  to  be  recorded  even  on  long  exposure 
ectrograms.  _ 


]^g,  11.  Variation  of  observed  increase  toward  the  horizon  of  the  brightness  of  the  night  sky  for  a 
wavelength  of  5300  A  based  on  the  average  results  over  four  nights  at  Haleakala.  The  observations 
.dots)  can  be  compared  with  predicted  variations  based  on  assumed  percentages  of  upper  atmosphere 
nightglow  component  from  0%  to  100%. 


One  bit  of  evidence  suggesting  the  existence  of  such  a  nightglow  continuum  is  based 
^pn  an  application  of  the  so-called  van  Rhijn  method.  Van  Rhun  (1921)  called 
attention  to  the  fact  that  a  uniform  emitting  layer  at  a  height,  h,  above  the  earth’s 
^ace  will  result  in  a  systematic  increase  in  intensity  toward  the  horizon  for  an 
observer  on  the  Earth’s  surface.  In  the  absence  of  a  lower  atmosphere  the  ratio  of 
mtensity,  at  a  zenith  distance,  z,  to  that  at  the  zenith,  4,  is  given  by 
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The  interposition  of  the  atmosphere  between  the  emitting  layer  and  the  observa 
significantly  modifies  the  effect  so  that  the  observed  ratio  K'  is  always  numencaljy 
smaller  than  V^.  '  | 

In  principle  it  is  possible  to  deduce  the  height  of  the  emitting  layer  from  systemati|i 
observations  as  a  function  of  zenith  distance  but  in  practice  the  accuracy  of  sued 
height  determmations  has  been  poor  due  to  difficulties  associated  with  (1)  the  ei^ 
tinction  and  scatter  of  the  lower  atmosphere,  (2)  the  lack  of  uniformity  of  intensity 
of  the  emitting  layer  over  the  sky  and  (3)  the  difficulty  of  allowing  for  the  contamii^ 
nation*  of  the  observations  by  the  astronomical  light  passed  by  the  filter.  For  a 


obably  a  reasonable  assumption  for  the  integrated  starlight  if  many  observations 
e  used  during  which  the  Milky  Way  will  not  favor  any  particular  zenith  distance, 
is  not  a  good  approximation  for  the  zodiacal  light  which  is  systematically  brighter 
toward  the  horizon.  Thus  the  percent  of  upper  atmosphere  light  deduced  in  the  last 

^column  must  be  considered  as  an  upper  limit. 

A  dramatic  indication  of  the  existence  of  an  airglow  continuum  has  been  obtained 


RELATIVE  INTENSITY  VJ  OF  THE  SKY  AS  A  FUNCTION  OF  ZENTIH  DISTANCE.  HALEAKALA. 
FOUR  NIGHTS  (1961-1962).  FILTER  CENTERED  AT  5300  A 


Zenith  Distance 


Predicted 


%  upper  atmospheri 


z 

Observed 

100%  upper 
oimosphere 
(k  =  100  km) 

100%  astronomical 

(  deduced) 

0 

1. 000 

1.000 

1.000 

__ 

40 

1.145 

1.263 

0.985 

— 

60 

1.230 

1.772 

0.953 

— 

70 

1.341 

2.265 

0.921 

31 

75 

1.407 

2.586 

0,885 

30 

80 

1.439 

2.865 

0.842 

30 

definitive  study  of  these  problems  the  reader  is  referred  to  a  paper  by  Roach,  MegilEJ 
Rees  and  Marovich  (1958). 

Although  the  use  of  the  van  Rhijn  approach  in  matters  of  quantitative  finesse  sue 
as  the  deduction  of  emitting  layer  heights  is  not  very  fruitful,  nevertheless  the  q 
tative  prediction  of  a  systematic  increase  in  intensity  toward  the  horizon  for  such 
emitting  layer  is  helpful.  As  long  ago  as  1909  Yntema  (1909)  identified  what  he  callb 
Eaithlight  by  such  an  interpretation  of  systematic  observations  of  the  night  skj 
Roach  and  Meinel  (1955)  have  attempted  to  discriminate  between  the  upper  atmos 
phere  and  astronomical  components  and  to  estimate  the  percentage  contribution  oi 
each  in  a  given  set  of  observations.  Their  method  is  illustrated  in  Table  6  and  Figure  1 11 
In  the  example  we  deduce  an  upper  atmosphere  component  of  about  30%  of  the  totaL] 

The.  predicted  values  of  are  based  on  an  assumed  extinction  coefficient  o^ 
0.142  atm"*  and  an  assumed  scattering  coefficient  of  0.121  atm"*.  In  the  case  of  th^ 
1(X)%  astronomical  calculation  it  was  assumed  that  the  astronomical  light  (integrated 
starlight  and  zodiacal  light)  was  uniformly  distributed  over  the  sky.  Although  this  15 

•  To  an  airglow  observer  the  astronomical  light  is  a  contamination.  In  the  context  of  this  paper,  oil; 
the  contrary,  the  airglow  may  be  considered  a  contamination.  \ 


Hg.  12.  A  ten-second  exposure  made  by  Astronaut  Gordon  Cooper  from  “ 

May  16, 1963,  showing  a  luminous  nightglow  band  distmctly  above  the  earth  s  surface.  From  GnXETT, 
Huch,  Ney  and  Cooper  (1964). 


fey  the  American  astronauts.  They  have  all  reported  that  there  is  an  easily  visible  glow 
^on  the  night  side  of  the  earth  appearing  as  a  sort  of  annulus  separated  from  the  sohd 
^Wrth  horizon.  Analysis  of  the  height  of  the  layer  places  it  in  the  100  kilometer  region. 
iThe  intensity  is  too  great  to  be  accounted  for  by  the  known  discrete  enussions  (in- 
[duding  the  5577  A  line)  and  is  thus  ascribable  in  large  part  to  a  general  contmuum 
[koOMEN,  Gulledge,  PACKER  and  Tousey,  1963).  Its  visibUity  from  a  satellite  (and 
&ot  from  the  ground)  is  due  to  the  favorable  circumstances  of  a  long  grazmg  Ime  of 
Rght  through  the  emitting  layer  (a  35-foid  increase  of  intensity)  plus  the  absence  of 
D®3ver  atmosphere  extmetion. 


Astronaut  Gordon  Cooper  was  especially  successful  in  observing  the  night  airglo 
layer  both  visually  and  photographically  during  his  May  16,  1963,  orbiting  in  satel^ 
Ma-9  (Faith  7).  In  Figure  12  is  shown  one  of  his  photographs,  a  ten-second  expo's 
showing  a  night  airglow  band  above  the  earth,  the  latter  being  visible  by  virtue  of 
illumination  from  a  quarter  moon.  Color  photographs  by  Cooper  show  that  the  night 
aiiglow  layer  appears  green  in  contrast  with  the  bluish  cast  of  the  moonlit  earth.‘i 
An  analysis  of  nine  of  Cooper’s  photographs  by  Gillett,  Much,  Key  and  Goopa^ 
(1964)  gives  as  the  height  of  the  center  of  the  airglow  band  above  the  earth’s  surface, 
mean  of  88  kilometers  with  extreme  values  ranging  from  75  km  to  1 1 1  km.  ’ 

10.  The  Nightglow.  Atomic  and  Molecular  Emissions 

If  the  domain  of  interest  is  now  expanded  to  include  the  entire  visual  spectrum  wei 
come  to  the  matter  of  atomic  and  molecular  emissions  originating  in  the  Earth’s" 
upper  atmosphere.  A  definitive  review  of  the  nightglow  should  include  discussions  of 


TABLE  7 

NIGHTGLOW  EMISSIONS  (LARGELY  FROM  KRASSOVSKY,  SHEFOV  AND  YARIN,  1962) 


TABLE  8* 

UST  OF  OH  BANDS  IN  ORDER  OF  WAVELENGTH 


OH 

Oi  (0, 1  atm) 
m(H») 

OI 

Nal 

OI 

HI(H« 

OfXHeraberg  Bands) 

N,r 

Omtinuum 

(Nightglow) 

Continuum 

(Astronomical) 


Wavelength 


0.38  to  4.5 
8645  A 
6563  A 
6300,  6364  A 
5890,  5896  A 

ssnk 

4861  A 

3000  to  4000  A 
3914  A 
4000-7000  A 


Rayleighs 


Absolute  zenith  intensity 

Ergs .  cnr^coluntn)  ,see~i 


5000000 

500 

15 

200 

30  (summer)  to 
200  (wmter) 

250 

3 

1300 
(40)  t 
900 

(0.3  R/A  Mean) 
4000 

(1.3  R/A  Mean) 


3.6  ; 

1.1  X  10->  1 

4.5  X  10-s 

6.2  X  10-4 

1.0  X  10-4  to  6.8  X  10-4 

8.9  X  10-4 

1.2  X  10-» 

8.8  X  10-4 
2.0  X  10-4 
5.0  X  10-4 


*  See  Note  under  Table  7. 
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t  The  presence  ofN2+3914Aasa  “nightglow”  emission  is  uncertam.  It  is  a  prominent  feature  rf 
the  aurora. 

I^.  In  tables  7  and  8  the  "rayleigh”  unit  of  airglow  intensity  is  used.  It  may  be  defined  as  folio 
Tf  the  surface  brightness,  B,  is  measured  in  units  of  10”  quanta.  cm-4.sec->.stetadian-‘  then  t 
u^sity  in  rayleighs  is  4)tB”  (See  Hunten,  Roach  and  Chamberlain,  1956).  In  the  case  of  a  con- 
tmuum  the  specific  intensity  in  rayleighs  per  Angstrom  (R/A)  is  useful.  At  a  wavelength  of  5300  A 
I  R/A  =  227  Jio  (vis). 

*  “Practical”  men  have,  on  occasion,  categorized  pure  research  as  bemg  concerned  with  such  in^ 
pr^cal  matters  as  “why  is  the  grass  green?”  They  may  now  add  to  their  list  of  useless  investigatioiii 
“why  IS  the  night  sky  green?” 
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Tag.  13.  Above;  Distribution  of  intensities  and  wavelengths  of  the  rotation-vibration  bands  of  OH  in 
fit*  nightglow ;  observed  to  about  1  .bn  and  predicted  for  wavelengths  longer  than  1 .5n.  Also,  the  abso¬ 
lute  intensity  of  the  thermal  radiation  from  the  lower  atmosphereforatemperatureof275”K,aslit  width 

pf  O.ln,  and  an  emissivity  of  0.3.  Below:  The  transmission  of  the  loweratmosphere  versus  wavelength. 
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sxidi  matters  as  temporal  and  spacial  changes,  emission  heights  and  excitation  mecha 


Our  purpose  here  is  to  give  a  brief  description  of  the  photometric  nature  of  thj 
nightglow.  We  refer  the  reader  interested  in  a  more  detailed  discussion  to  rev 
papers*  and  the  authoritative  book  by  J.  W.  Chamberlain  (1961).  In  Table  7 
record  the  principal  nightglow  emissions  as  presently  known.  In  Figure  2  they 
shown  plotted  as  functions  of  wavelength  and  of  emission  height. 


FRITZ  PEAK 


INTEGRATED 
STARLIGHT  / 


ZODIACAL 

'■''FLIGHT 


HALEAKALA 


INTEGRATED 

STARLIGHT 


ZODIACAL 

^<»J.IGHT 


0  40  80  120  160  200  240  280  320  360 

SIDEREAL  TIME  IN  DEGREES 

Fig.  14.  The  variation  of  the  three  principal  constituents  of  the  light  of  the  night  sky  with  side 
time  for  the  stations  Fritz  Peak  and  Haleakala. 


Historically  the  emissions  OI  5577,  OI  6300-64  and  Nal  5890-96  came  first  to  th2 
attention  of  observers.  Later  the  Herzberg  bands  were  identified  as  important  contri' 
butors  in  the  3000  A  to  4000  A  domain.  Energetically  the  most  conspicuous  known' 
conqionent  of  the  nightglow  is  the  extensive  system  of  rotation-vibration  bands  du^ 
to  the  hydroxyl  (OH)  radical.  The  hydroxyl  bands  are  listed  in  Table  8  in  order  of- 
increasing  wavelength.  The  absolute  intensities  are  shown  both  in  the  table  and  in 
Figure  13. 

Attention  is  called  to  the  fact  that  the  night  airglow  shown  as  a  component  in  the 
zenith  skies  of  Fritz  Peak  and  Haleakala  (Figure  14)  is  based  on.a  filter  transmittinj 


•  See  for  example  Roach  (1963). 
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*  narrow  band  near  5300  A.  The  spectral  region  was  chosen  to  avoid  prominent 
•ji^tglow  emissions  (one  of  the  weak  hydroxyl  bands  is  however  included).  The  air- 
^glow  transmitted  by  the  filter  is  largely  what  we  have  referred  to  in  the  previous 
'section  as  a  “continuum”. 

Obviously,  if  the  purpose  of  aff  investigation  is  the  study  of  specific  nightglow 
'emission  features,  filters  will  be  chosen  to  center  on  the  emission  or,  alternatively,  the 
'investigation  may  be  earned  out  by  spectroscopic  means.  The  spectrographic  method 
'suffers  from  the  fact  that,  with  the  spectrographs  that  have  been  employed,  exposure 
’  times  of  the  order  of  an  hour  are  needed  to  bring  out  the  emission  features.  The 
^spectrograph  slit  may  include  a  large  slice  of  the  sky  (in  one  design  a  vertical  circle 
'  from  horizon  to- horizon).  In  filter  photometry  the  flux  of  light  on  the  cathodes  of 
^photoelectric  detectors  used  in  conjunction  with  telescopes  of  modest  aperture  is 
'  sufficient  that  an  integration  over  a  fraction  of  a  second  yields  a  reliable  photo- 
'*  current.  The  entire  sky  can  be  surveyed  in  a  few  minutes  so  that  several  complete 
'  sky  coverages  can  be  made  by  a  filter  photometer  during  a  single  spectrographic 
exposure  and,  as  a  consequence,  most  of  the  systematic  work  on  the  nightglow  has 
been  done  with  photometers.  If  the  isolating  filter  used  in  a  photoelectric  photometer 
■  could  be  as  narrow  as  a  spectrograph  slit  an  emission  feature  of  the  nightglow  could 
r  be  reasonably  discriminated  with  respect  to  the  astronomical  background  (integrated 
f  starlight  and  zodiacal  light).  The  available  interference  filters  are  sufficiently  narrow 
'  that  one  centered  on  an  emission  line  such  as  5577  A  can  result  in  as  much  as  75% 
of  the  total  zenith  reading  due  to  the  emission  and  25%  to  the  background.* 

The  general  conclusion  emerges  from  this  discussion  that  the  photometric  observer 
[  of  the  light  of  the  night  sky  is  necessarily  concerned  with  all  three  components  in  the 
f  analysis  of  his  data  explaining  why  the  present  paper  which  was  originally  planned  as 
[  a  discussion  of  the  zodiacal  light  was  expanded  into  a  more  ambitious  undertaking. 
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11.  Summary 

We  bring  together  our  general  results  in  two  figures.  Figure  14  portrays  the  resolution 
of  the  light  of  the  night  sky  into  its  three  principal  components  based  on  a  series  of 
zenith  observations  extending  over  a  year  at  the  two  stations:  Fritz  Peak  in  Colorado, 
U.S.A.,  Oatitude  N  39°.9,  longitude  W  105°.5)  and  Haleakala  in  Hawaii,  U.S.A. 
(latitude  N  20°.7,  longitude  W  156°.3).  The  observations  are  from  a  current  study  by 
Roach  and  Smith  (1964a)  using  photometers  centered  on  wavelength  5300  A.  With 
respect  to  sidereal  time  the  airglow  continuum  is  a  constant.**  The  two  MiUcy  Way 
traverses  are  conspicuous  features  of  the  integrated  starlight  curves.  The  variation  of 
the  zodiacal  light  is  the  result  of  the  variable  ecliptic  latitude  of  the  zenith  throughout 


*  A  technological  advance  of  great  importance  to  mghtglow  observers  was  the  development  of  a 
•arefringent  filter  which  discriminates  between  an  emission  line  and  a  background  conunuum.  See 
Dunn  and  Manring  (1955);  also  Roach,  Megill,  Rees,  and  Marovich  (1958). 

.**  Local  time  changes  in  the  airglow  may  occur  but  such  changes  are  averaged  out  with  respect  to 
sidereal  time. 
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theyear.  A  refmed  analysis  of  the  data,  not  shown  m  the  plot,  gives  a  further  variation* 
offte  zodiacal  light  as  a  function  of  A  -  A©,  the  differential  ecliptic  longitude  be-^ 
tween  the  zenith  and  the  sun.  The  zodiacal  light  is  the  brighter  of  the  three  components 
eMtpt  when  the  Milky  Way  is  in  the  zenith.  The  zodiacal  light  tends  to  be  systemati. 
ca%  brighter  toward  the  horizon  so  that  it  is  definitely  the  most  prominent  of  the 
three  for  the  sky  as  a  whole.  ; 

The  interrelationships  of  the  constituents  of  the  light  of  the  night  sky  are  shown 
from  a  different  point  of  view  in  Figure  15  where  the  ordinate  is  logarithm  of  the 
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Graphical  representation  of  the  brightness  of  components  and  features  of  the  day  and  of; 
dienight  sky  with  the  cosmic  occurrence  indicated  by  the  distance  or  extent  of  each  along  the  abscissa. 
Note  the  log-log  scales. 


s«&ce  brightness  and  the  abscissa  is  logarithm  of  the  distance  or  extent.  Moving 
downward  in  the  plot  the  features  of  the  night  sky  appear  below  the  line  cortespondini 
to  die  end  of  twilight.  The  brightness  of  the  nightglow,  the  zodiacal  light  and  gegen 
siion,  the  integrated  starlight  and  galactic  light  are  comparable  (on  the  logari 
scale)  but  one  is  impressed  with  the  vastly  different  linear  distances  in  connection  witl^ 
tie  several  phenomena.  The  nightglow  is  a  terrestrial  phenomenon  having  a  thickness 
cX  about  one  atmospheric  scale  height  (log  R  x  7).  The  zodiacal  light  is  an  inter 
planetary  phenomenon  with  a  characteristic  dimension  of  one  astronomical  unit; 
(log  R  X  13).  The  integrated  starlight  from  our  galaxy  has  a  characteristic  maxiimun 
dnnensipn  of  some  30  kpc  (log  R  x  23).  Finally  the  extra  galactic  nebulae  which 
caBectively  contribute  much  less  than  1%  of  the  light  of  the  night  sky  are  at  distances' 
asmuch  as  log  R  x  2Z.  They  can  be  photographed  individually  in  spite  of  the  competj 
tition  of  the  sky  background  and  in  spite  of  the  hazard  of  extinction  by  intervenin 
tet.  j 

In  the  preparation  of  this  report  the  wnter  has  been  impressed  with  the  confluence 


of  several  circumstances  that  make  possible  the  observation  of  the  universe  in  the 
visible  part  of  the  spectrum.  Any  one  of  several  contingencies  might  have  made  such 
observations  impossible. 

i  Let  us  consider  the  matter  of  contrast.  The  prime  example  here  is  the  bright  (but 
Uautiful!)  day  sky  which  prohibits,  serious  daytime  study  of  the  astronomical  sky. 
There  follows,  during  a  diurnal  terrestrial  rotation  the  period  of  twilight  which  under 
best  of  circumstances  lasts  a  little  less  than  1^  hours  but  which,  during  the  local 
summer,  in  the  vicinity  of  polar  regions  persists  all  night.  The  obliquity  of  the  ecliptic 
is  suflScient  to  make  a  stimulating  annual  sequence  of  seasons  but  small  enough  to 
keep  the  twilight  period  of  reasonable  duration  over  a  good  portion  of  the  earth. 

I  A  hazard  narrowly  averted  is  that  due  to  the  interplanetary  dust  cloud  leading  to 
the  zodiacal  light.  The  concentration  of  dust  is  very  small  indeed  (Figure  10)  so  that 
increase  by  a  factor  often  would  be  trivial  m  terms  of  the  constitution  of  the  solar 
system.*  But  such  an  increase  would  result  in  a  night  sky  so  bright  (average  zodiacal 
light  2000  Sjo  (vis)  instead  of  200)  that  the  Milky  Way  would  be  difficult  to  see  and 
the  airglow  difficult  to  measure.  The  aesthetic  gain  in  a  rather  spectacular  zodiacal 
light  pattern  over  the  sky  would  hardly  compensate  for  the  loss  from  the  absence  of 
the  details  of  our  galactic  universe.  The  effect  of  such  an  enhanced  zodiacal  light 
would  correspond  to  that  experienced  in  a  planetarium  when  the  operator  adjusts  the 
rheostats  to  bring  on  dawn  and  the  celestial  objects  disappear. 

fk  permanent  twilight  that  would  have  the  same  effect  would  be  due  to  the  hydroxyl 
nightglow  if  (a)  it  were  concentrated  in  the  visible  part  of  the  spectrum  rather  than  in 
the  near  infra  red  or  if  (b)  the  human  eyes  were  sensitive  in  the  near  infrared. 

The  narrow  escape  from  the  cosmic  ignorance  that  would  have  resulted  from  a 
situation  in  w’hich  the  observer  found  himself  in  a  less  favorable  environment  is  well 
illustrated  by  the  “zone  of  avoidance”  of  extra  galactic  nebulae  in  the  vicinity  of  the 
Milky  Way  plane.  If  our  galaxy  were  not  highly  flattened  so  that  its  extent  perpen- 
^cular  to  the  plane  is  sufficiently  small  to  permit  an  observational  window  outward 
we  would  not  have  been  able  to  photograph  the  extra-galactic  objects  and  we  would 
have  been  content  with  a  rather  restricted  concept  of  a  universe  consisting  of  a  single 
galaxy.  The  same  dire  result  would  have  occurred  if  the  sun  to  which  our  planet  is 
attached  were  more  deeply  embedded  in  the  galactic  dust  near  the  galactic  center. 
Thus  we  find  compensation  for  our  non-central  location. 

^  There  can  be  little  doubt  that  human  ingenuity  would  in  time  have  overcome  any 
or  all  of  the  above  circumstances  as  the  radio  astronomers  have  done  by  changing  the 
exploring  frequency  so  as  to  avoid  the  difficulties.  But  this  would  have  taken  time, 
especially  in  the  absence  of  the  stimulation  of  the  knowledge  gained  by  visual  and 
photographic  observations.  It  js  likely  that  the  time  lag  would  have  been  sufficient 
that  the  present  review  could  not  have  been  written  by  the  present  author.  It  may  be 
conjectured  whether  other  astronomers  on  other  planets  are  as  fortunate  or  whether, 
sfter  all,  this  is  “the  best  of  all  possible  worlds”. 

It  is  of  interest  to  speculate  that  dunng  the  history  of  the  solar  system  the  interplaneury  dust 
concentration  may  have  been  significantly  greater  than  at  present. 
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Historical  Background 

their  projectile  was  advancing  towards  the  moon  in  1860,  Jules  Verne’s  (1865) 
^Intrepid  “lunamauts”  looked  back  and  “saw”  cloud  systems  against  the  Earth’s 
I'^hackground.  “Some  parts  brilliantly  lighted  showed  the  presence  of  high  mountains, 
^often  disappearing  behind  thick  spots,  which  were  never  seen  on  the  lunar  disc.  They 
were  rings  of  clouds  placed  concentrically  round  the  terrestrial  globe.”  The  details 
which  they  “saw”  may  not  have  been  exactly  what  we  find  today.  Yet  perhaps  the 
('.“brilliantly  lighted  high  mountains”  looked  like  the  snow  covered  Andes  as  in 
Figure  1,  and  one  of  the  “concentric  rings”  of  clouds  had  its  counterpart  in  the 
clouds  of  the  intertropical  convergence  zone  of  Figure!.*  At  any  rate  about  hundred 
jrears  were  to  elapse  before  the  real  successors  to  Verne’s  travellers  actually  saw 
the  majestic  cloud-scape  against  the  terrestrial  globe. 

^4^'  At  about  the  same  time  that  Verne;  was  foreshadowing  modem  cosmonauts  and 
'■  astronauts  another  Frenchman  took  pictures  of  the  earth  from  a  balloon  {Select 
t^,..C'®'”'7ii«ee,  1959).  And  gradually  as  technological  advances  were  made,  airplanes 
.supplemented  balloons,  and  then  rockets  supplemented  airplanes  as  platforms  from 
which  photographs  could  be  made.  But  it  was  not  until  large  rockets  became  available 
Rafter  World  War  II  that  photographs,  covering  relatively.large  areas,  were  produced. 
j,^d  in  fact,  analyses  of  the  synoptic  state  of  the  atmosphere  were  actually  prepared 

KjWth  the  aid  of  rocket  pictures  on  several  occasions.  (Bjerknes,  1951;  Hubert  and 
Berg,  1955;  Conover  and  Sadler,  1960).  Since  synoptic  analysis  over  wide  areas 
^  jxjuld  be  improved  with  the  aid  of  pictures  taken  from  high  altitude  rockets,  serious 
proposals  were  advanced  advocating  the  use  of  the  satellite  as  a  meteorological 
observing  tool.  For  example,  detailed  suggestions  were  presented  by  Greenfield 
and  Kellogg  in  1951  (Library  of  Congress,  1962),  and  one  of  the  earliest  public 
i  discussions  of  the  potential  use  of  satellite  data  was  given  by  Wexler  (1954,  1957). 
Figure  3,  taken  from  Wexler’s  paper  (1957),  is  an  artist’s  conception  of  the  ap- 
Pearance  of  the  Earth  when  viewed  by  a  satellite  from  an  altitude  of  6000  km  above 
I',,  the  surface. 

”^0  cloud  systems  appear  bnght  m  reflected  sunlight,  and  many  of  the  cloud 


.  *  ^his  figure  will  be  discussed  more  fully  later  under  the  heading  ‘Tropical  Qoud  Systems‘. 
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